IR R s DT o O S L IR0 G R (ORI B PRI S e, e -1 RO
ST T A e A i

T e e ! ——y
NASA Conference Publication 2053 '; :
R
[
'

Asteroids:
An Exploration Assessment

(NASA-CP-2053) ASTERCIDS: AN EXPLOEATION N78-29007

ASSESSMENT (National Aeronautics and Space THRU

Adeministration) 295 p HC A13/4F AO01 W78-2902¢€
CSCL 038 Unclas

G3/91 27591

A workshop held at ,
The University of Chicago
January 19-21, 1978

LT T




LA A T

v g T

- gl e ey
- A

o Sy o

-
4

i,

X

oy
.

Liaa e 4

N e

-

NASA Conference Publication 2053

Asteroids:
An Exploration Assessment

Editors:

David -Morrison, NASA Office of Space Science
William C. Wells, Science Applications, Inc., Schaumburg, 1.

A workshop sponsored by

NASA Office of Space Scicnce

and held at the University of Chicago
January 19-21, 1978

Co-Chairmen:

Eiward Anders, University of Chicago
David Morrison, NASA Office of Space Science

NASA

National Aeronautics
and Space Administration

Scientific and Technical
Intormation Office

1978

lem TEATAL LA et e T TG AL el T T e Th e ek L0 DL I T e de

| S




sad

. iﬁ&w

O Nues ~:@b~:,-".; saw e '“« 1 4,«1 tm*t "’;T:E i '.1 L

FOREWORD

This volume contains the proceedings of an Asteroid Workshop organized by the
co-chairmen with the sponsorship of the NASA Headquarters. The workshop was held at the
Continuing Education Center at the University of Chicago, January 19-21, 1978. The 15
invited speakers and several observers included scientists specializing in meteorites
and/or asteroids as well as representatives from NASA Headquarters and the Jet Propulsion
Laboratory.

The workshop was relatively small and was conducted in an informal manner that encour-
aged discussion of the issues. The presentations and subsequent discussions reviewed and
assessed the current state of asteroid science and considered how future programs can best
increase our understanding of the nature of these objects and of their relationship to the
formation and early history of the solar system. As one element, the workshop considered
the contribution that space missions, such as a multiple asteroid rendezvous mission util-
izing low-thrust ion drive pronulsion, might make to asteroid studies in the late 1980°'s.

Thanks are due to the staff of Science Applications, Inc. for their assistance with
the workshop and the preparation of this volume. Mr. J. Niehoff handled the meeting
arrangements, Dr. W. Wells assisted the cc-chairmen in the editorial tasks and Ms. K. A.
Osadnick typed the final manuscript.

Edward Anders David Morrison
University of Chicago NASA Headquarters
(Co-chairman) (Co-chairman)
June 1978
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INTRODUCTION

DAVID MORRISON
NASA Headquarters, Washington, D.C. 20546

The Significance of Asteroid Secience

The asteroids appear to represent a largely fragmented remnant of the planetesimals
from which the larger planetary bodies accreted in the early history of the solar system.
Because of their small size, most of them apparently escaped the drastic thermal and chem-
ical alteration that characterizes the planets and large satellites, such as the Moon.
Thus, many asteroids can be expected to contain much chemically primitive material that 1s
characteristic of the original condensation products of the solar nebula. Some asteroids,
such as Vesta, have not escaped high temperatures and processes of geochemical differenti-
ation; they may help us understand the early thermal evolution of planetary material. The
processes of condensation and accretion may also be revealed by the close study of aster-
oids, since the repeated collisions that have fragmented most of them should provide natural
probes of interior structure. The dynamical families, in particular, can be expected to
provide a range of fragments that were initiallv part of a larger parent body. Therefore,
continued study of the esteroids can be expected to yield important and probably unique
evidence on botn physical and chemical processes associated with the development of the
planetary system from the original solar nebula.

Our interest in the asteroids is further stimulated by our conviction that many, and
perhaps most, of the meteorites are derived from asteroidal parent bodies. Detailed lab-
oratory investigations of these extraterrestrial materials have revealed a wealth of in-
formation about the chemistry of the soiar nebula and, to a lesser but still very important
degree, about physical processes in the parent bodies. Studies of asteroids and of mete-
orites are synergistic, with each contributing to our overall understanding of solar system
processes and evolution.

It is believed that asteroidal debris has played a major role in cratering the sur-
faces of the inner planets, so a knowledge of the history of asteroidal breakup and of the
dynamical transport of material into the inner solar system is vital for understanding
planetary geology and chronology. Such impacts continue today, and the small Earth-
approaching Apollo and Amor asteroids constitute a present population of potentially
planet-impacting objects. It is important to understand the relationships of the Apollos
and Amors to the main belt asteroids and to the comets, as well as to solve the mcre gen-
eral questions of interplanetary dynamics needed to relate meteorites to their parent
bodies.

Finally, asteroids are important as true planetary objects, to be studied as global
entities. Although we have no information at present on their morphoiugy or geology, or
on their interior structure, we confidently expect that closer examination will reveal the
asteroids as individual worlds of great interest in their own right. An instructive
example is provided by the Viking studies of Phobos and Deimos, which indicate that these
objects, which are smaller than most of the asteroids that we are likely to visit with
spacecraft, are remarkably individual and have been subject to processes that were totally
unanticipated before high resolution images were obtained. Particularly exciting are
prospects for comparative studies, since the asteroids provide a unique resource of small
planets of greatly varying size and heterogeneous chemistry. Nowhere else can we expect
so readily to identify the separate processes that have influenced the formation and geo-
logic evolution of planetary bodies.
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Purpose of the Workshop

This book is the report of an asteroid science workshop held at the University of
Chicago on January 19-21, 1978. The workshop was sponsored by the Planetary Division of
the NASA Office of Space Science as a means of assessing current knowledge of the aster-
oids and developing recommendations for their continued study.

Participants in the workshop were asked to consider the following key questions in
preparing their papers:

1. What are the most important things we want to learn about asteroids?
How do these goals relate to deeper insights about the solar system
and its evolution?

2. What are the crucial experiments needed to obtain the information
in (1)? How much can be done from the ground, and what requires a
space mission?

3. Are meteorites samples of asteroids, and if so, can meteorites be
related to asteroids on a one-to-one basis? Can this be accom-
plished (now or in the future) by (a) telescopic observations, or
(b) dynamical studies?

4, What is the relationship between main belt asteroids and Earth-
approaching asteroids? Would a mission to (or sample of) one
group tell us much about the other?

5. HWhat type of missiors (if any) will most advance our understanding
of asteroids in the late 1980's or early 1990's? Are multiple
targets required? Is rendezvous necessary? Is sample return
necessary?

Much of the discussion centers around these points, and in the next section of this book
answers to these questions are suggested as part of the findings of this workshop.

The workshop had two distinct purposes, which in turn dictated its format. First, it
was a meeting of scientists who gathered to discuss their own research and to summarize the
state of asteroid science as of January 1978. Approximately the first half of this book is
devoted to review papers and discussion of these scientific issues, divided into two areas:
(1) Meteorites and Their Relationship to Asteroids; and (2) Earth-Based Observational
Programs. Second, the workshop addressed programmatic issues of interest to NASA, and
these provide the topics for the second half of the book: (3) Future Exploration Options:
and (4) Mission Capabilities. In parts 3 and 4 the participants attempt to provide guid-
ance for future research, particularly in regard to the potential of a flight mission to
the asteroids.

Overview of the Workahop

Each of the four sections of this book corresponds to a half-day session at the
workshop. Each paper was assigned 20-40 minutes for presentation, with time for discussion
included. In addition, a general discussion of pertinent issues concluded each of the four
sessions. The speakers provided manuscripts reviewing their subjects, and in addition, the
discussions were transcribed. The manuscripts, some of which have been revised by the
authors after the workshop, are incorporated into this volume together with edited versions
of the transcribed discussions.
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The first paper, by George Wetherill, introduces the problem of the relationship
between the asteroids and the meteorites from the point of view of dynamics. [t is clear 2,
that asteroidal fragments can be delivered to Farth-crossing orbits and will impact the v
Earth, but there are serious quantitative discrepancies between the observed amount of '
s B meteoritic material and the yield expected from these processes. Wetherill thus emphasizes
; the complexity of the interrelationships among main belt asteroids, comets, Apollo aster-
"2 S oids, meteors, and meteorites. He suggests that most differentiated meteorites are de- {
' :ived from the belt, but he also favors comets as significant sources for primitive meteor- '
ites.

e W e

: ~% Rovert Clayton, in the second paper, explores the exciting new work on isotopic abun-

: 1 dance variations among meteorites. Oxygen isotope differences are establishing genetic ]
associations between meteorite classes, which in turn indicate that the parent bodies were - b

formed out of pre-solar material that was not fully mixed at the time condensation occurred L
within the solar nebula. P

~1" N The physical as well as chemical properties of the meteorite parent bodies are re-
s viewed by John Wood, who concludes that many differentiated meteorites were likely formed
. . in asteroidal-sized parents. Wood then explores in more detail a new and somewhat specu- '
: lative model for the formation of the pallasites at the interface between an iron core and V.
4 - olivine mantle in differentiated bodies only about 10 km in diameter, which are later in- b
corporated into a second generation of larger (100 km) parent bodies.

The tinal paper in the first section is by Edward Anders, who explores the relation-
ship between stony meteorites and the asteroids in the main belt. Anqer§ notes that.the
presence of trapped solar gas in stony reteorites reguires their origin in the regoliths
of asteroidal-type bodies, and he argues that the most olausible sources are the € (carbo-
naceous) and S (siliceous) asteroids, in spite of the differences (discussed in the next ;
section) between the spectra of S asteroids and ordinary chondrites. This problem is a
central one for the interpretation of both astronomical ohservations and dynamical theory,
and tnere were a number of opinions expressed by workshop participants in the discussion.

vy W .
=
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Pa~t Two of the book is more directly concerned with the observational data on aster- !
oids, most of which have only been acquired during the past few vears. The first paper, .
by David Morrison, briefly summarizes physical observations and then treats in more detail '
the classification scheme recently developed by a :mber of the observers to describe '
asteroid surfaces. The principal classes, distinguished on the basis of a number of
parameters involving albedo and color, are called C, S, and M--a terminology used fre-
Gquontly in this book.
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The CSi¥ classification serves as the starting point for Ben Zellner's paper on the
geography of tie asteroid belt. Zellner describes how the raw data on asteroid types are
corrected for observational biases (against dark objects, for instance) to derive the dis-
tribution of types throughout the belt. He also discusses recent work on family members
that indicates that dynamical families have a true physical relationship, presumably indi-
cating common origin in the breakup of a parent asteroid.

. . Tor McCord's paper deals with the interpretation of asteroid reflectance spectrophotom- .
: » etry in terms of mineralogical types. He gives inferred mineral assemblages for about 60 :
’ asteroids, comparing the asteroid surface materials with the similar materials that make up
many meteorites, but noting the absence of asteroids with spectra that match identically
the ordinary chondrites.

Dennis Matson next reports on infrared observations. He discusses the significance of
. reflectivity in the 1-4 um region as an indication of surface mineralogy, and he also treats
N ' the thermal models used to analyze infrared observations at longer wavelengths. Matson also
discusses Lebofsky's recent discovery of a spectral feature due to water of hydration on ]
; Ceres, in apparent contradiction to the mineralogy inferred for this asteroid by McCord from
: spectronhotometry.
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A comprehensive paper on asteroid collisions, cratering, and the evolutio: )2y
liths is given by Clark Chapman. He reports on recent laboratory experiments .-z cofpu- .
modeling that predicts the development of regoliths on all asteroids more tha. a few ten:
of kilometers in diameter and that allows for a wide range in the intrinsic strength of
asteroidal surface materials. Chapman also discusses why the high frequency of inter-
asteroidal collisions probably requires nearly all asteroids to be fragments of precu::ors.

Gene Shoemaker's paper marks a shift of emphasis from the large, main belt asteroids
to the smaller and rarer Apollo and Amor objects that pass close to the Earth. He reviews
the origin, physical properties, and discovery history of these asteroids, which appear to
link the main belt objects, the comets, and the meteorites. The number of these objects
can now be estimated with reasonable confidence; the physical observations suggest that a
wide variety of compositional types are represented among the near-Earth asteroids.

In the general discussion that concludes this section, several interesting points are
raised. The variety c¢f surface mineralogies was stressed, and the expectation is that dif-
ferences would be even more striking if asteroids could be resolved spatially. Chemical
as well as physical evolution may be important on the surfaces of the larger objects. An
important question for the Earth-approaching asteroids concerns the apparent rarity of
carbonaceous objects; is this effect real or only apparent?

The second half of the book is less science oriented and more speculative in nature.
It begins with a section on future exploration options, and then in the final section deals
specifically with investigations that could be done from a spacecraft.

Clark Chapman and Ben Zellner review recent observing programs and speculate on the
role these observations will play during the next decade. They see a shift from surveys
to more specialized, intensive studies of individual objects, but not until the spectro-
photometric surveys are extended to many more objects. They also predict an increasing
role for radar, mid-infrared spectroscopy, and thermal studies from the IRAS satellite.

Although Earth-based studies will remain important, there is increasing interest in
spacecraft observations of astervids. Fraser Fanale presents a detailed science rationale
for an initial asteroid mission that involves rendezvous or orbit with several main belt
asteroids. This concept of a multi-asteroid rendezvous mission provides a baseline for
much of the material in the -est of the book.

Imaging studies are highlighted by Joe Veverka in the next paper. Using the Viking
measurements of Phobos and Deimos as examples, he discusses the wide range of processes
that might be revealed on asteroid surfaces by high-resolution photography from a space-
craft.

John Niehoff presents a comprehensive examination of the options for asteroid missions.

Within the constraints of existing or planned launch vehicles and low-thrust propulsion
systems, a wide variety of missions is possible, including flyby, rendezvous, and even
sample return. The multi-asteroid rendezvous concept requires an ion drive low-thrust
propulsion system of the type being developed for a comet rendezvous. Niehoff's analysis
indicat s that there are plentiful opportunities for such missions to visit four asteroids
with stay times of 60-90 days each and transit times between rendezvous of the order of a
year.

An alternative mission strategy focused on the Earth-approaching asteroids is next
given by Gene Shoemaker. He emphasizes the opportunities for sample return and maaned
visits, which favor the closer Apollos and Amors over the main belt objects.

In the general discussion following these papers, there is a wide-ranging discussion
of the relative roles of flight missions and of Earth-based studies during the next few
years. While a great deal re¢ :ins to be done from Earth, it was the consensus that major
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advances in the 1980's will depend upon flight missions. In particular, only from a
spacecraft will it Le possible to obtain significant spatial res~'ution and to study
asteroids as inaividual planetary bodies. This section contains an interesting variety
of philosophical discussions on our ability to ask the right scientific questions and to
seek answers realistically when extrapolating from our present perspective to the radical-
ly advanced capabilities of experiments on spacecraft.

The final section of this book deals with investigations that might be included on
spacecraft sent to the asteroids. Tom McCord begins with a review of optical remote sens-
ing, particularly visible and infrared spectrophotometry and multispectral mapping. In-
struments of this type have not yet been flown but are under develcopment; they appear to
offer the be<t prospect for determining mineralogy and mapping mineralogical un .s on an
asteroid surface.

Jim Arnold discusses remote geochemical measurements that could be made with gamma-ray
spectrometers and x-ray fluorescence spectrometers. These instruments have proved them-
selves in lunar orbit, and they seem best suited to determining the elemental content of
asteroid surfaces.

Imaging techniques are discussed by Joe Veverka, who argues that very high resolution
imaging proviacs the best means of examining geological processes acting on asteroid sur-
faces. Imaging also may be important for revealing how asteroids accreted and for obtain-
ing some data on their differentiation history. Imaging from rendezvous together with
Doppler tracking is also the only way to determine accurate densities and hence place limits
on bulk composition.

In the final paper, Thanasis Economou addresses the question of i» situ, rather than
remote sensing, measurements. hkard landers or penetrators could be deployed to make direct
measurements of surface composition, providing a mich more complete chemical analysis than
can be obtained with remote sensing instruments. Such measurements should be considered,
even for the initial asteroid rendezvous mission.

In the final general discussion, the main topics concern the possible roles of hard
landers and ¢f sample return. While these are clearly areas of great scientific interest.
the majority favors giving highest priority for the first mission to remote sensing of a
suostantial variety of main belt asteroids, in order to truly explore the diversity of
these objects.

The final sessior of the workshop, on the morning of January 21, was devoted to a
discussion of the five key questions stated in the previous section, and to formulating
mission-related recommendations for NASA. The section on firaings and recommendations,
which follows, is an edited summary of that discussion, reflecting the collective view of
the workshop participants.

It is the hope of the organizers and participants in the Asteroid Workshop that the
present volume will be useful to the science community and to NASA alike. The review
papers in the first half provide an overview of this discipline and may be read as an in-
formal introduction to asteroid science in 1978. The second half represents the first
effort to aoply recent advances in snacecraft and experiment capatilities to sketch the
outline of an asteroid exploration mission that would have broad scientific appeal and be
relevant to important emerging problems of solar system evolution and comparative planetol-
ogy. Finally, tke discussions are included to give some flavor of the friendly give-and-
take that characterized what most of us felt to be a very stimulating and successful
scientific conference.

! ! i

= VIR ’ Y | Ay v+t oy e v e B T B atadiaitttes Seee ey |
-

ot L .. ,A..i. R SN N

-



r o

P

gy ¢ W e S e = e e et e

[ .

PRECEDING PAGE BLANK NOT FILMED

FINDINGS AND RECOMMENDATIONS

Major Research Goals of Asteroid Studies

The primarv goals of asteroid science should be to characterize the overall population
of minor planets, to relate these objects to the processes of solar system formation and
evolution, and to study representative examples a< global entities in order to understand

the processes influencing their history. Specif: 1lly, we desire to determine for a repre-
sentative sample of objects:

1. Composition (chemical and isotopic)
Mineralogy

Internal structure and, hence, svidence of accretion and differ-
entiation history

4, Surface morphology ard evidence of geologic processes, including
thermal events

5. Nature of regolith and fragmentation history.

These data must be related to a statistically representative sample of objects if we are to
understand the broader questions of accretional history, suosequent collisions and fragmen-
tation, and orbital evolution of the asteroid population.

As a more detailed set of questicnas amenable to study through research on asteroids,
we summarize the items listed by Fanale in his n-~er later in this report:

1. What were physical and chemical conditions in the soi.r system during
planetary accretion like?

a. MWhat were the physical interactions among solid bodies of all
sizes like during accretion of our planetary system? This
includes processes of accretion, fragmentation, and dynamic
rearrangement.

b. What chemical fractionation processes operated during conden-
sation/accretion to produce diyferences in bulk composition
among asteroids? How are these processes related tc the
internal structure of primitive bodies?

2. What magmatic processes operated within asteroids to produce internal
differentiation?

When did these processes operate and what were the energy sources
(short-lived nuclides, solar electromagnetic interaction, etc.)?
Why did they seemingly affect some asteroids and not others?

3. What are the genetic relationships among small bodies in the solar
system?

Are there parental relationships among (a) var.ous orbital families
of asteroids, (b) various spectral classes of asteroids, (c) comets,
(d) meteorites, (e) planetary satellites, and (f) interplanetary or
interstellar dust? In what context does this place the information
we have already accumulated on meteorites and what, in turn, does
this tell us about planetesimal/planetary genesis?




In the following two sections we consider what are the crucial Earth-based observations
and experiments that will contribute to answering these questions, and then the degree to
which further progress may require a space mission.

Sarth-Based Investigations

Ground-based astronomical observations have already made substantial progress in
defining and characterizing the broad population of asteroids, but a great deal of useful
work remains to be done by further application of existing techniques. We expect that,
before any space mission can be undertaken, these grounc-based surveys will have effec-
tively completed a reconnaissance of the asteroid belt. Thus, -t is appropriate for a
first space mission to proced directly to the exploration phase of study, as discussed
in the following section.

Because there are so many asteroids and they represent such a heterogeneous popula-
tion, extensive survey work is essential. Only with such data can we expect to integrate
the detailed data obtained for a limited number of objects (either from the Earth or from
a space mission) into an appropriate context. For this reason, we would not expect an
exploratory space mission to supplant Earth-based studies of the asteroids to the degree
that the Mariner flights have done so for the terrestrial planets.

The survey programs of UBV photometry, polarimetry, reflection spectrophotometry, and
thermal radiometry that have been carried out during the past few years have transformed
our knowledge of the main belt asteroids. Particularly notable is the evidence 0* hetero-
geneity and the indications that most asteroid surfaces can be characterized by mincral
assemblages similar to those of the meteorites. These surveys now include more than 30%
of the named and numbered asteroids, and these data have been brought together in an
accessible form in the TRIAD data file. We anticipate that studies of this kind will be
continued, and also that more demanding techniques such as infrared spectroscopy and radar
studies will be applied to those objects large enough to make them practical.

There are several areas of Earth-based investigation that appear particularly valuable
for answering high-priority questions concerning the asteroids. These are:

1. Survey and Classification with Moderat~ Spectral Resolutiom.
Although UBV data have proved exceedingly useful, we note that
substantially better characterization of asteroid mineralogy is
obtainable with photometric systems that extend to a wavelength
of 1.1 um. We also note that the combination of such spectral
data with albedos determined by either thermal radiometry or
polarimetry is exceedingly useful for such survey applications.
It appears that data of this kind for of the order of 1000 aster-
oids will be needed to clearly identify the major classes and to
search for rare objects of unusual composition that may be the
parent bodies of important meteorite classes. Important contri-
butions to this survey work may also be carried out from Earth
orbit if appropriate processing of radiometric data from IRAS or
other infrared satellites can be done.

2. Detailed Spectral Observations Coupled with Laboratory Studies.
The interpretation of asteroid mineralogies has progressed greatly
in the past five years, but fundamental questions of interpretation
remain. One of these relates to the possible identification of
certain S asteroids with the ordinary chondrites; another involves
the search for the spectral signature of a truly metallic asteroid.
Problems of space weathering and regolith formaticn need additional
consideration. A program of detailed spectra from the ultraviolet
to 4.0 um for a representative sample of asteroids, together with
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substantial support from laboratory work and theoretical siudies,
would greatly advance our understanding of asteroid mineralogy.
Determination of metal content may also be greatly aided by radar
work. since a metallic asteroid is expected to provide an anoma-
lously large radar return.

3. Discovery and Characteriaation of Earth-Approaching Asteroids. The
Earth-approaching asteroids are a crucial link between the main belt
asteroids and the meteorites. We need to understand the dynamics of
these objects and to relate their physical characteristics to those
of the better-studied and more accessible objects in the main belt.
Our knowledge of these objects has ircreaced greatly in recent years
largely as the result of two search programs carried out at Hale
Observatory and of efforts to acquire some physical data in the
brief time they are accessible after discovery. We strongly support
the continuation of these searches, and if possible their expansion
through acquisition of a dedicated Schmidt telescope for asteroid
work. It is also of great importance that time on large telescopes
(both optical and radar) be available on sho-t notice to apply to
these asteroids the techniques for physical observations that have
been applied so successfully in the main belt.

4. Meieoritical Investigations. The study of meteorites is a major
branch of planetary science, and the impressive advances being made
in this area will surely continue independent of tho fate of aster-
oid research. We will not rresume in this report to comment on
meteoritical research, other than to note that the connection be-
tween asteroids and meteorites is a close one, and that advances
in either area should contribute to understanding the other.

Space Missions

The underlying motivation for asteroid missions lies in the eventual need to investi-
gate individual bodies on a detailed scale. Genreral and specific questions are suggested
by studies of meteorites, by Earth-based observations of asteroids, by theoretical modeling
of asteroids and protoplanets and by experience with studies of other planetary bodies.

The demand for such detail stems from the difficult problem of unraveling accretional and
fractionation histories and the need to gain further insight into evolutionary processes

by comparative studies. Object specific information on surface morphology. composition,
mean density, and internal structure, necessary to advance our understanding of these his-
tories, will require space missions to individual targets. Even if therc were no presump-
tive connection between asteroids and meteorites., such studies would eventually be required
to understand the role that the asteroids have played in the evolution of the planetary
system.

Among the investigations to be accomplished by space missions are high resolution
spectral and spatial mapping of the surface, global and recional determination of internal
structure. in situ verification of remote sensing measurements, characterization of the
solar wind interaction, and return of samples for extended Earth-based study. In addition
to greatly enhancing the fineness to which comparative studies can be extended, the syner-
gistic combination of these data is required to explore specific asteroids as qlobal en-
tities, be they either relatively intact planetesimals or fragments of some earlier colli-
sion process.

It is our consensus, therefore, that space missions to as.2roids will be required to
continue the progress in our understanding of these bodies as they relate to the total
formation and evolution of the solar system. As indicated in the previous section, we
feel that the current program of Earth-based observations is formulating a base of asteroid
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information comparable to reconnaissance mission capabilities. Hence, in order to justify
their cost, initial asteroid-dedicated missions should be capable of an exploration level

at least comparable to planetary orbiters, with long stay times and the ability to survey
entire surfaces. In the case of the larger asteroids, an orbiter is in fact an appropriate
approach, but for uujects with low surface gravity, simple station-keeping with some maneuver
capability is sufficiznt. For simplicity, we will refer to both of these modes as

rendezvous missions.

An essential characteristic of the asteroids is their variety. In order to accomplish
the scientific goals of a mission, it will be necessary to visit several objects. While
this could in principle be accomplished with many separate launches, it seems most cost-
effective for each launch to visit as many objects, in succession, as performance limits
permit. Consequently, we conclude that multi-asteroid rendezvous is the recommended con-
cept for an early asteroid mission. Low-thrust ion drive propulsion provides the capabil-
ity for this mission concept.

The timing for a first asteroid mission is closely tied to progress in Earth-based ob-
servations. Seven years ago, at the time of the Tucson asteroid conference, it seemed to
many of us that a mission was premature. Since then photometric surveys have examined about
600 asteroids, and reasonably detailed spectra have been obtained for more than 300. We
believe that Earth-based studies of this type are crucial for understanding the asteroids
and for intelligent planning of a mission. But this field is rapidly reaching maturity,
and it is anticipated that within another five years we may reach a point of diminishing re-
turns in ground-based studies. Thus, it is our assessment that preliminary planning could
begin now for a multi-rendezvous asteroid mission for initiation in the early-to-mid 1980's.

We have extended these conclusions to a preliminary consideration of targets and can-
didate experiments. Each of these areas is discussed below.

The main criteria for targeting relate to investigating a sufficient variety of objects
to carry out the broad comparative goals of asteroid exploration. In addition, we feel
that efforts should be made to study internal structure by visiting several dynamically
related objects that appear to be products of the breakup of a single parent body. We do
not recommend specifically seeking to identify meteorite parent bodies; rather, we may
learn more by visiting asteroids that are not represented in our meteorite collections.
It is understood that practical mission considerations will greatly constrain the actual
objects that can be targeted in a single mission, but it also seems clear that there are
enough potentially exciting targets that a great many suitable missions can be designed,
depending on launch date and the capability of the low-thrust propulsion system. Some
examples of asteroids or classes of asteroids considered as suitable targets follow:

1. Ceres (largest, presumably unfractured, relatively primitive but
probably experienced some thermal evolution, may have bound H,0
on surface, may resemble original planetesimals).

2. Vesta (third largest, presumably unfractured, differentiated and
thermally evolved, may be typical of uriginal parent bodies of
differentiated meteorites, may hold important clues to lunar
evolution).

3. Two or more members of a Hirayama family (to examine fragments of
fractured parent body for data on internal structure and accretion
history).

4. A small very dark C type (to examine primitive material, investi-
gate accretion history).

5. Typical members of compositional classes, e.g., an S, » metallic
surface, an enstatite chondrite surface (to trace varied differ-
entiation and thermal evolution, study geologic processes on a
variety of compositions).
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6. An Apollo or Amor (key link between main belt and meteorites,
possible dead comet nucleus).

7. A Trojan (unique types, possibly different initial conditions
and evolution from main belt).

We stress that these are only examples to illustrate the range of comparative inves-
tigations to be carried out. Undoubtedly, continuing observations and interpretations will
modify and refine this list before an actual mission commitment is made.

The only priority on such targets we could agree upon was that main belt asteroids are
more important for an early mission than either near-Earth objects or the Trojans. The
compositional variety, difference in size, and large number of main belt objects collec-

tively argue in their favor as prime targets for an early multi-asteroid rendezvous mission.

The possible additions of a near-tarth asteroid flyby or rendezvous, or of a Trojan in the
context of an extended mission objective was supported, provided that main belt objectives
could be satisfactorily maintained. Examples of such additions will have to be generated
along with more main belt multi-rendezvous mission cases to evaluate their impact.

Candidate experiments for potential payloads on an early multi-rendezvous mission were
alse discussed. In general, the emphasis was upon proven designs that have either already
flown or have been proposed for other remote-sensing missions such as Lunar Polar Orbiter.
Some proven field and particle detectors were also desired. A typical payload might in-
clude the following (the order is not sianificant):

Imaging (multifilter. probably CCD)

Reflectance Spectros. ,y/Multispectral Mapping (visible to 5 um)
X-Ray Spectroscopy

y-Ray Spectroscopy

Altimetry (e.g., radar)

Gravimetry (e.g., by Doppler tracking)

Micrometeorite Detector

Magnetometer

Plasma Farticle Detector

10. Energeiic Particle Detector (low/medium energy).

OO &WwN ~
e e s e e e e

In addition, the workshop considered a rough lander or penetrator as an additional
mission capability. One role for such landers would be to obtain unique data on elemental
chemistry by implanting an a, proton-scattering experiment. Another would be to acquire
extremely high resolution imaging and measurement of bulk surface properties in support of
an eventual sample return mission. Another alternative would be to implant several seis-
mometers on a single asteroid and to stimulate them witl active charges to investigate in-
ternal structure. The uncertainty in the required muss commitment to conduct such an
active seismic experiment made it difficult to assess its value compared to deploying
single rough landers at each target. The even more fundamental trade between numbers of
landers included versus reduction in total number of targets could not be adequately dis-
cussed for lack of mission performance data. Hence, the ~cle of /n aitu experiments in an
early multi-rendezvous asteroid mission is left unresolved, pending improved definition of
experiment capabilities and mission performance trade data.

We recognize the eventual importance and potential contribution of sample return mis-
sions to usteroid exploration. however, we recommend that the exact role and timing of

sample return be judged after the results of prerequisite rendezvous missions are available.

Nonetheless, the design and planning of an early multi-rendezvous mission should, in turn,
consider those objectives which would measurably add to the relevant planning of a possible
follow-on sample return mission.
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SECTION 1I:
METEORITES AND THEIR
RELATIONSHIP TO ASTEROIDS
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DYNAMICAL EVIDENCE REGARDING THE RELATIONSHIP
BETWEEN ASTEROIDS AND METEORITES

GEORGE W. WETHERILL

Department of Terrestrial Magnetism
Carnegie Institution of Washington
Washington, D.C. 20015

Meteorites are fragments of small solar system bodies (comets,
asteroids and Apollo objects). Therefore they may be expected
to provide valuable information regarding these bodies. How-
ever, the identification of particular classes of meteorites
with particular small bodies or classes of small bodies is at
present uncertain. It is very unlikely that any significant
quantity of meteoritic material is obtained from typical ac-
tive comets. Relatively well-studied dynamical mechanisms
exist for transferring material into the vicinity of the Earth
from the inner edge of the asteroid belt on an ~108-° year time
scale. It seems likely that most iron meteorites are obtained
in this way, and a significant yield of complementary differen-
tiated meteoritic silicate material may be expected to accom-
pany these differentiated iron meteorites. Insofar as data
exist, photometric measurements support an association between
Apollo objects and chondritic meteorites. Because Apolio ob-
jects are in orbits which come close to the Earth, and also
must be fragmented as they traverse the asteroid belt near
aphelion, there also must be a component of the meteorite flux
derived from Apollo objects. Oynamical arguments favor the
hypothesis that most Apollo objects are devolatilized comet
resiaues. However, plausible dynamical, petrographic, and
cosmogonical reasons are known which argue against the simple
conclusion of this syllogism, viz., that chondrites are of
cometary origin. Suggestions are given for future theoretical,
observational, experimental investigations directed toward
improving our understanding of this puzzling situation.

INTRODUCTION

The Earth, Moon, and terrestrial planets are impacted by solid interplanetary bodies
ranging in mass from ~10715 g to 1019 g. The total mass flux is ~100 g/km2/yr, of which
~1 g is in the mass range from 100 to 107 g. About 10% of the material (meteoroids) in
this mass range survives entry and passage through the atmospnere. O0f this 10%, ~0.1% is
collected from the Earth's surface and constitutes the collections of metzorites housed in
museums.

Petrological and trace element investigations are interpreted as implying that prior
to the recent onset of their cosmic ray exposure, meteorites were in the interior of bodies
ranging from 10 to 500 km in diameter. The chemical and mineralogical differences between
the various classes of meteorites are principally a consequence of differences in the com-
position of these parent bodies.

The identification of the parent bodies among various small bodies of the solar system
is not definitive at present. Candidate objects include comets, asteroids, the Apollo-Amor
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objects with perihelia near Earth's orbit, and possibly undiscovered classes of bodies as
suggested by the recently discovered Saturn and Uranus-crossing object, Chiron (1977UB).
Discussion of evidence for and against the association of particular meteoritic classes
with these various candidate objects is the principal topic of this review.

Progress toward more positive identification is essential if we are to make full use
of the abundant data relevant to the pre-history, the origin, and the history of the solar
system being obtained from laboratory studies of meteorites. Only in this way will it be
possible to place these small samples of solar system matter in their appropriate geolog-
ical and astronomical context. Achieving this goal will require a significant and continu-
ing program of interactive laboratory, observational, and theoretical investigations, and
is a major argument in support of space missions to these bodies.

Meteorites are of varied chemical and mineralogical composition, and there is n¢ par-
ticular reason why all of them should be derived from the same type of parent body. They
can be divided fairly well into two classes: the undifferentiated and the differen.iated
meteorites. Undifferentiated meteorites are also termed chondrites, because they usually
contain small (0.1 to 1 mm diameter) spherules called chondrules, which are primarily of

silicate composition. In the undifferentiated meteorites the relative abundances of the

refractory elements (e.g., Mg, Fe, Si, 7, etc.) to one another are very similar to those
The more volatile elements are

found in the Sun and in averaged solar system material.
systematically depleted (Ganapathy and Anders, 1974). These volatile elements are least
depleted in the carbonaceous chondrites in which the $/Si ratio is nearly the same as in

the Sun, and even more volatile elements such as C and N are depleted by only a factor of
~10. Greater depletions of volatiles are found in the most abundant classes of chondrites,
the ordinary chondrites. The differentiated meteorites have been even more chemically frac-
tionated relative to average solar system composition. They include objects consisting
nearly entirely of nickel-iron, silicate objects which appear to have formed by partial
melting processes similar to those which form terrestrial and Tunar basalts, silicate ob-
Jjects intruded by veins of nickel-iron, and various other mineralogical assemblages (ef.,

Wasson, 1974).

Identification of appropriate parent bodies for meteorites of these various classes
requires a plausible correspondence between the chemical, mineralogical, and physical nature
of the parent body and the meteorite, and cannot be accomplished entirely on the basis of
dynamical arguments. The characteristics of possible parent bodies are briefly discussed

in the following section.

CANDIDATE SOURCES OF METEORITES

It is conventional to distinguish between comets and asteroids on the operational basis
of whether or not they possess a visible coma. Although this definition may sometimes be
useful, it also ignores the most important point at issue, namely the ultimate origin of the
large and small bodies in the solar system. This discussion will therefore make use of a
genetic classification, wherein an object, however gas-free, which was derived from a more
typical volatile-rich comet, is considered to be cometary.

Typical comets are small (+1 to 10 km) objects containing more or less equal quantities
of volatile compounds of H, C, N, and O and more refractory compounds, e.g., silicates and
metal. The success of the "dirty snowball" model of a comet {Whipple, 1950) has probably
accidentally led to a misconception in the minds of some workers, particularly those in re-
lated fields of study. This is that comets are principally composed of ice, and can be
visualized more or less as a glacier or snowbank. In fact, the material emitted by a comet
contains as much dirt as snow (Delsemme, 1977). Furthermore, only the smaller nonvolatile
particles can be "blown off” with the volatiles, and presence of larger bodies (e.g.,
a25 cm) in comets cause the fraction of ice to be even smaller. As the ice is volatilized,
the fraction of rocky material will increase and will tend to accumulate as residual material.
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Fireball studies show that the more massive nonvolatile cometary material is abundant and
this conclusion is strengthened by the evidence for nearly-extinct and extinct cometary
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:5 nuclei. Thus at least half, and possibly 90% of even an active comet may be nonvolatile
" dust and rocky matter. It is possible that a comet may be more like a breccia than an ice-
,§ berg, and that pieces of ice may be clasts in this breccia, as a consequence of H,0 an¢ CO,

being as solid as anything else at the low temperatures which prevailed in the region in

which comets were formed. At present, most (and probably all) comets are derived from the
outermost regions of the solar system, the Oort cloud at a distance of 10*-105 AU (0.1 to
1 light-year) (Marsden, 1977). They become observable only when they are gravitationally
perturbed by passing stars into the inner solar system. The volatilization of their H, C, t
N and O compounds p-oduces a coma ~10“ km in diameter, and an ionized tail (up to ~107 km 4
in length), which renders the comet visible.

< A

i

Comets are definitely associated with much of the interplanetary flux of bodies impact- { i

- ing the Earth, including those in the mass range (100 to 107 g) under discussion. This has ,
o been established by photographic studies of the orbits of these bodies as they enter the o

; atmosphere (Ceplecha and McCrosky, 1976), and comparison of these orbits with those of known y o
comets. Positive identification with particular comets is possible in many cases. In many
additional cases similarity of both orbits and physical properties (as indicated by their
ablation or fragmentation in the atmosphere), to objects associated with known comets demon-
strates their cometary association. However, only three meteorite falls (the undifferenti- ..
ated ordinary chondrites Pribram, Lost City and Innisfree) are contained among these photo- ‘
graphic meteoroids. As will be discussed further subsequently, their orbits and physical .
properties, although well-determined, do not define at all well whether or not they are also
of cometary origin.

Asteroids are bodies ranging up to 1000 km in diameter which are almost entirely con- !
fined to the wide region between Mars and Jupiter. They exhibit no coma of volatile com- ,
pounds, and most likely consist of mixtures of silicates and metal. Spectrophotometric
studies (Chapman, 1976) are interpreted as indicating that different asteroids are of dif- !
ferent composition. They primarily fall into two classes: the most abundant C type,
presumably containing an admixture of carbonaceous composition, and the S type, probably
mixtures of silicates and metal. Unlike the comets, direct association of photographic
meteoroids with an asteroidal source is not possible, as the orbits of asteroids do not
! intersect the orbit of the Earth. However, there are mechanisms by which the orbits of
<. asteroidal bodies can evolve into Earth-inteisecting orbits. These will be discussed in
& the following section. '

Apollo-Amor objects are small bodies (typically ~1 km diameter, but ranging up to
L ~30 km) with perihelia less than a rather arbitrary value of 1.3 AU, and usually with aph- ’
1 o elion in the asteroid belt. These orbits are dynamically unstable on the time scale of the ,
Ao solar system, and like the meteorites they must be derived from sources elsewhere in the
solar system, which probably include both comets and asteroids (Anders and Arnold, 1965;
] Wetherill, 1976). Their Earth-crossing or near Earth-crossing nature identifies them as
S prime candidate meteoroid and meteorite sources (Anders, 1964; Levin et al., 1976; Wetherill,
1] 1976). However, up to the present no clear-cut orbital identifications have been made,
: although tentative identification of a few Apollos with known small meteoroid streams has

.«}% been proposed (Sekanina, 1973). Physical measurements show that all but one (1580 Betulia)
R of the Apollo-Amar objects studied using these techniques resemble the S-type asteroids more
5y than they do the C-type (McCord, 1978). These statistics are certainly biased in favor of
;:? the higher albedo S-type objects. In any case, it is of interest to note that they are not
A all of the same composition, and this range of compositions includes high albedc, silicate ,
C objects resembling differentiated and undifferentiated silicate meteorites. !
- ,
[t is hard to rule out the possibility that morc than a negligible fraction of the
Wi meteo~0id flux is derived from unknown classes of objects, as small, nonvoiatile objects .
S are very difficult to observe telescopically. The recent discovery of Chiron is evidence
D ERE that we have not yet learned even all the more qualitative facts concerning the distribution u
. v of small bodies in the solar system. It is possible that there are small bodies stably
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stored in inner solar system orbits {cf., Weissman and Wetherill, 1973), possibly in reso-
nances, which resemble those in which 1685 Toro is currently trapped (Danielsson and Ip,
1972; Williams and Wetherill, 1973) but which, unlike Toro, are not destabilized by Mars'
perturbations. Even an interstellar contribution cannot be entirely ruled out, although
orbits of photographic meteors show their proportions must be very small (<0.1%).

During the last century opinion has shifted to and fro regarding with which of these
classes of candidate bodies one should associate meteorites. Until the last decade or two,
the prevailing opinion was primarily determined by stochastic fluctuations arising from the
small number of "experts," rather than from an abundance of relevant data. However, during
the last few years there has been a great increase in the quantity of experimental, observa-
tional, and theoretical data concerning meteorites, meteors, and their candidate sources.

In spite of this, serious problems of identification of Earth-impacting bodies with their
solar system sources remain.

It might be thought that the gross difference between typical cometary and asteroidal
orbits would make it relatively easy to distinguish between cometary and asteroidal sources
once the orbits of meteorites are known. This is not the case. In order for asteroidal
material to impact the Earth as a meteorite, it is necessary that it be placed into a more
eccentric orbit with perihelion within the orbit of the Earth. On the other hand, comets
or cometary residua will have short dynamical lifetimes in the inner solar system unless
their orbits evolve into orbits with aphelia inside Jupiter's orbit, Z.e., become similar
to the orbit of Encke's comet (aphelion = 4.1 AU). Thus asteroidal and cometary meteorites
will have similar orbits, with Earth-crossing perihelia and aphelia in the asteroid belt.
The distinction will be further blurred as a consequence of perturbations by Earth and
Venus which will tend to "equilibrate" the distribution of Earth-crossing orbits. It is
known from radiant and time-of-fall statictics (Wetherill, 1971) that at least ordinary
chondritic meteorites must evolve from initial Earth-crossing orbits with perihelia near
Earth and aphelia near Jupiter. Both asteroidal and cometary sources can have this general
characteristic. However, more subtle differences exist which in the future may he helpful
in identification of candidate sources.

DYNAMICAL ARGUMENTS FOR AND AGAINST PARTICULAR IDENTIFICATIOCNS,
CONSIDERED IN THE LIGHT OF OTHER EVIDENCE

Asteroids

Purely dynamical considerations. Asteroids are strong prima facie candidates because
it is known that collisions among the asteroids must provide a quantity of small debris
(1013-1015 g annually) which would be mo.e than adequate to supply the present flux of
Earth-impacting matter, provided that there exist mechanisms able to place a sufficient
fraction (~10-*) of this material into Earth-crossing orbits on the short time scale
(~108 yr) defined by the cosmic-ray exposure history of meteorites. It is also necessary
that the shuck damage associated with this transfer mechanism usually be limited to that
associated with low shock pressures (10-100 Kb).

Difficulties in finding such mechanisms have been a problem in the past. Suitable
mechanisms must be primarily gravitational in nature, as collisional shock associated with
more than small (<.1 AU) changes in semimajor axis is probably excessive. Gravitational
perturbations of Mars-crossing and Mars-grazing asteroidal fragments by Mars have been sug-
gested as such a gravitational mechanism (Arnold, 1965; Anders, 1964) but until recently it
appeared thot, except for iron meteorites, this mechani 1 required transit times too long
to be reconciled with cosmic-ray exposure histories.

Prcduction of relatively low velocity (200 m/sec) fragments in proximity to various

regions in the asteroid belt in which the motion of fragments is in resonance with the mo-
tion of the giant planets has now been semi-guantitatively shown to be an adequate source.
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Fairly large (+~100 m) fragments will be produced by collisions in the vicinity of the
Kirkwood 2:1 gaps at 3.28 AU, in which the orbital period is commensurable with the period
of Jupiter. The resulting resonant motion will at times cause these fragments to be in
highly eccent:ic orbits with aphelia beyond 4 AU and perihelia 2 AU. These orbits will be
stabilized by 1ibrational relationships which preclude close encounters to Jupiter. How-
ever, statistically probable collisions of these ~100 m bodies with smaller asteroidal
debris will produce low-velocity meteorite-size fragments which will escape the libration
region and undergo strong perturbations by Jupiter near their aphelion, which can cause
their perihelion to random walk into Earth-crossing on a short (~10° yr) time scale, and
hence become meteorites when they impact the Earth (Zimmerman and Wetherill, 1973). This
chain of events has been criticized on the grounds that requiring two collisions, close
approaches to Jupiter, etc., renders it too complex and by inference ad hoe to be taken
seriously. Such reasoning is fallacious, as there is no reason to suppose that nature
provides meteorites to Earth by mechanisms which are simple for us to describe to one an-
other in preference to those which are probable. The mechanisms described are real phenom-
ena of significant and estimable probability which cannot fail to occur.

The principal problem is a guant1tat1ve one, as best estimates of the meteorite yield
on Earth from this source are 107-10% g per year, and this estimate is uncertain by at
least an additional order of magnitude. Thus it is not clear if a major or only a minor
part of the Earth's meteorites are produced in this way. Scholl and Froeschlé (1977) have
presented evidence *'iat the mechanism described above may be more effective for the 5:2
Kirkwood gap than for the 2:1 case. Large asteroids in proximity to these Kirkwood gaps
are listed in Tables 1 and 2.

Table 1. Large Asteroids with Semimajor Axis
within 0.1 AU of 2:1 Kirkwood Gap (3.28 AU)

Asteroid a e i 8(1,0)  Class D‘?'L‘;ge"
106 Dione 3.17 .18 5 8.8 C 139
511 Davida 3.18 .18 16 7.4 C 323
154 Bertha 3.18 .10 21 8.5 C 191

92 Undina 3.19 .07 10 7.9 C 244
702 Alauda 3.19 .03 21 8.3 C 205
758 Mancunia 3.20 .13 6 9.6 C 119
175 Andromache 3.21 .20 3 9.6 C 113
530 Turandot 3.21 .20 8 10.3 C 81
381 Myrrha 3.21 12 13 9.7 C 126
108 Hecuba 3.22 .09 4 9.7 S 61
122 Gerda 3.22 .06 2 9.2 C 139
8§95 Helio 3.22 .14 26 9.5 ?

745 Mauritia 3.24 .07 14 11.0 ?
903 Nealley 3.24 .05 12 10.9 ?

Classifications and diameters from Morrison (i1977) and Zellner and
Bowell (1977), Bowell et al., (1978), and Bowell (private communication,
1978). Absolute magnitudes from Gehrelc and Gohre.s (1978).

Williams (1973) showed that collision fragments produced at low velocity in the vicin-
ity of certain secular resonant surfaces in (a,e,i) space (Williams, 1969, 1971) can be
perturbed directly into Earth-crossing on the necessary short time scale. Again, the quan-
titative yield is difficult to estimate with certainty.
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Table 2. Large Asteroids with Semimajor Axis
within 0.1 AU of 5:2 Kirkwood Gap (2.82 AU)

. . Diame ce
Asteroid a e i 8(1,0) Cla : (km)
146 Lucina 2.72 .07 13 9.2 c 141
45 Eugenia 2.72 .08 7 8.3 C 226
410 Chloris 2.72 .24 1 9.5 c 134
156 Xanthippe 2.73 .23 10 9.8 c 104
140 Siwa 2.73 .21 3 9.6 C 103
110 Lydia 2.73 .08 6 8.7 z 170
200 Dynamene 2.74 .13 7 9.5 c 123
185 Eunike 2.74 .13 23 8.7 o 169
247 Eukrate 2.74 .24 25 9.3 c 142
387 Acquitania 2.74 .24 18 8.4 S 112
173 Ino 2.74 21 14 a.i c 142
308 Polyxo 2.75 .04 4 9.3 u 138
128 Nemesis 2.75 2 6 8.8 C 164
71 Niobe 2.76 17 23 8.3 S 115
93 Minerva 2.76 .14 9 8.7 c 168
356 Liguria 2.76 .24 8 9.3 o 150
41 Daphne 2.76 .27 16 8.1 C 204
1 Ceres 2.77 .07 1 4.5 c 1003
88 Thisbe 2.77 A7 5 8.1 c 210
39 Laetitia 2.77 1 10 7.4 S 163
2 Pallas 2.77 .23 35 5.2 (] 608
148 Gallia 2.77 .19 25 8.5 S 106
532 Herculina 2.77 17 16 8.0 S 150
393 Lampetia 2.77 .33 15 9.2 c 129
28 Bellona 2.78 .15 9 8.2 ) 126
68 Leto 2.78 .18 8 8.2 S 126
139 Juewa 2.78 A7 N 9.2 C 163
446 Aeternitas 2.79 .07 1 10.2 0 40
216 Kleopatra 2.79 .25 13 8.1 M 128
354 Eleonora 2.80 .12 18 7.5 S 153
346 Hermentaria 2.80 .10 9 8.9 S 84
236 Honoria 2.80 .19 8 9.5 S 65
44] Bathilde 2.81 .08 8 9.5 M 66
804 Hispania 2.84 .14 15 8.9 C 141
385 [1matar 2.85 .13 14 8.8 ? ?
81 Terpsichore 2.85 .21 8 9.6 C 12
129 Antigone 2.87 .21 12 7.9 M 115
47 Aglaja 2.88 .14 5 9.2 c 158
471 Papagena 2.89 .24 15 7.9 S 143
386 Siegena 2.90 A7 20 84 C 191
238 Hypatia 2.91 .09 12 9.¢ c 154
22 Kalliope 2.9 .10 14 7.3 M 177
16 Psyche 2.92 .13 3 6.9 M 250
674 Rachele 2.92 .20 14 8.5 ) 102
349 Dembowska 2.92 .09 8 7.2 0 144

Data from same so ~ces as Table 1.
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Wetherill (1974, 1977) and Wetherill and Williams (1977) have proposed a "synergistic"
mechanism by which the nonlinear interaction of secular resonance and Mars' perturbations
can perturb a rather large yield (-1010 g/yr) of meteorite-size asteroidal fragments into
Earth-crossing. The typical time required for this material to impact the Earth is
a5 x 108 years, but a significant fraction (+~1%) can impact within 50 million years. The
mechanism is proposed as the most probable source of iron meteorites, and of some minor
portion of the silicate meteorites, e.g., the differentiated basaltic achondrites. The
asteroids which supply this material are those with semimajor axis ~2.25 AU, low inclina-
tions, and with eccentricities which permit the parent objects to come within ~.05 to .1 AU
of Mars' aphelicn for favorable combinations of the lony-period "secular" variations in the
orbits of both the asteroids and Mars (Figure 1). Most of these asteroia: are S type,
which have been suggested to be most likely of "mesosiderite" (mixed iron and baseltic
silicate) composition. The massive nickel-iron meteorites must come from sccwhere, and the
combination of appropriate calculated exposure age, yield, and plausib’ emical composi-
tion argues strongly in support of this being the most likely place. r, this identi-
fication also reduces somewhat the plausibility of obtaining the most : at classes of
chondrites from this source, as this identification of S asteroids witn ‘tic silicates
argues against their being also of undifferentiated chondritic composit.. . .iowever, the
largest object of this group (313 Chaldaea, 160 km diameter) is of carbonaceous composition
(Chapman, 1977, private communication) and may be expected to produce a small quantity of
carbonaceous meteorites, constrained by the asscciation of small yields with short transit
times for this source.
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Fig. 1. Observed distribution of large asteroids in the inner
portion of the asteroid belt and in the vicinity of the v¢
resonance. The large open “"circles” approximately define the
1imits of the Hungaria, Flora, Phocaea, and Pallas regions of
the asteroid belt.
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Recognition of the evidence for meteorites being asterotidal regoliths. A small but
significant fraction of silicate meteorites of all classes are rich in inert gases si..ilar
in chemical and isotopic composition to the solar wind, contain solar flare cotmic-ray
charged particle tracks, in some cases grains exhibiting microcraters, and giassy agg.uti-
nates. All of these meteorites are highly brecciated, and the combination of these features
strongly suggests an origin similar to that of the lunar rego ith (kajar, 1974). Anders
(1975? has carriud this argument fi'~ther and has used the ratio of implanted solar wind and
galactic cosmic-ray exposure to inter the helic entric distance at whi-h this regolithic
material was produced. This distance turns out to be 4 tc 8 AU, but is model-dependent in
a number of ways. Rajan ez a?. (1978). and Schultze and Signer (1977) have identified
breccia clasts within both chondritic and differentiated gas-rich meteorites whiun have
radiogenic argon ages markedly younger than the more typical ~4.5 billion year age of other
clasts from the same breccia. From this it is plausibly inferred that the breccia was
assembled subsequent to the younger of these ages, whick in (ne case is5 as recent as
1350 million years.

Jn addition, Turner (1969), Turner and Cadogan (1973). and Bogard et al. (1976) have
interpreted disturbed radiometric age patterns in relativel: highly shncked metcorites as
indicating that their parent body was involved in a majur imract even- 500 million years
ago (Heymann, 1967). However, it can also be argued that th = events are not well-deted,
and could represent a very recent event, asscciated with the collision which e>tablished
the recent onset of cosmic-ray exposure, in combination with a smal, {~3 ) retent-.on of
radiogenic argon irom its previous history Recent theoretical studies of the evolution of
Apolio-Amor objects of either cometary or astercidal origins shows that when secular reso-
nance is includeg, an asteroidal parent body cannot necessarily be ‘afrrred from tre.e ages
even if they are interpreted literally (Wetherill, 1978). It turns out that a significant
fraction (+15 ) of Apollos are transferred into the Amor and Mars-crossing region for times
as long as 2000 million years, and then returned to Earth-crossing. Thus an Apc 1o ‘bject
of cometary origin can have been in the inner solar system 500 million years ago. 11d have
developed some sort of a regolith. However, a small, 1 km Apolln object would seer un-
likely to aevelop a full-fiedged lunar-style regolith.

Since there are strong arguments against meteorites being derivable ¢rom the regolith
of one of the terrestrial planets, and studies of lunar material snow chey are rot from the
Moon, the most plausible place to suggest for their source are the surfaces of large (..g.,
2100 km diameter) bodies in the astervid region. If so, this reqgolith cannot be a surficial
layer only a few meters deep, as asteroid collision calculations show that the mass yield
from astercidal fragmentation is don'3ated by deep and even totally destructive impacts
(Wetherill, 1967; Cohnanyi, 1969,. Whether or not a body with .. low surface gravity of
an asteroid can be expected to possess such a deep regolith is not clear. Manv workers have
argued 3gainst anything but a very surficial regolith, whereas Anders (1975) has -oncluded
that it is possible that almost the entire asteroid has had a regolithic history. Combined
theoreticil and experimental work directed toward a detailed understanding of the prohable
nature of an asteroigui regolith is badly needed. A start in this direccion has been made
(Housen et al., 1977, Chapman, 1978). Until this is done it cannot be seid whether or not
the effects observed are compatible with this plausible but undemonstrated association,

The full set of these regolith features are observed in only a few of the gas-rich
meteorites. The most clear-cut case is that of the highly brecciated basaltic differenti-
ated meteorites, the howardites (..j., Kapoeta), for which the "synergistic" nechanism of
derivation from the inner asteroid belt is proposed in the previous section. Less comnlete
effects, such as presence of inert gas of solar composition, is less definit.ve, as unfr¢ -
tionated gas of thic type was available over all of solar system history and even earlier.
[t is probable that ‘ormation of a regolith at a weil-defined heliocentric distance is not
the only way for incorporation of this gas into interplanetary material.
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Chemioal and mineralogiccl evidence from meteorites. Even the undifferentiated
chondritic meteorites have had a complex chemical history. The volatile-poor ordinary
chondrites have in many cases been heated and metamorphosed at temperatures as high as
2900°C (Van Schumus and Wood, 1967). Subsequent cooling histories several hundred million
years in length have been inferred from the extent to which Ni diffuses in the solid state
from Ni-poor a-Fe to Ni-rich y-fe in the small bits of metallic Fe found in chondrites, as
well as in the differentiated iron meteorites. It is not clear how a small asteroidal body
- could have experienced an early thermal history this extreme. However, the evidence for an
i ) asteroidal origin is most strong for basaltic differentiated meteorites, and it has been
b demomstrated that these objezts experienced a melting event 4.5 x 107 years ago. There-

i -4 fore, it does not seem extreme to suppose that other asteroids underwent the less severe !

,15 . heating required to cxplain the textures and mineralogy found in chondrites. If the only

} alternative source turns out to be comets, it must be remembered that there is no evidence :
o B to support a claim that the interior of a comet ever went through such a high temperature :
stage, or was massive enough to require the long cooling times observed.

;.4 .f An her class of chemical arguments is based upon a presumably known relationship
o N between the temperatures at which meteorites were formed (as deduced frum their mineral-
L T ogy, trace element, and oxygen isotopic composition), and the heliocentric distance at

A 2 which these temperatures would be found (Larimer and Anders, 1967). However, these calcu-
B lations require that the present state of knowledge concerning the processes and conditions
o ‘ﬂ of star and planetary system origin is more secure than there is any reason to suppose it
T RS to be. Such condensation theories also fail to explain how such different classes of
-4 asteroids, as inferred from spectrophotometric and polarimetric data, are found at the same
heliocentric distance. The variations in oxygen isotopic composition of pre-solar origin
found between the different meteorite classes (Clayton et al., 1976; Clayton, 1978) is even
E more difficult to explain. These phenomena appear to require that asteroids which were
originally formed at significantly different helioceniric distance were subsequently mixed
by an unknown physical mechanism. This may well have occurred. However, inasmuch as aster- :
oids may have moved since formation this weakens the identification of an asteroidal origin
based on an inferred "asteroidal belt" distance of origin.

s ] Relarionship >f spectrophotometric observatioms of asteroids to the dynamical evidence. ‘
e Ouring the last five years a large body of spectral reflection data for asteroidal surfaces !
nas been obtained (Gaffey and McCord, 1977; McCord, 1978). This permits at least tentative ‘
identification of the mineralogical nature of these surfaces, particularly the presence of
opaque materials such as amorphous carbon, pyroxene and olivine (Fe, Mg silicates), and
setallic iron. This has led to an asteroidal taxonomy in which the S and C tyoes, previous-

1y mentioned, are the most abundant classes. (See papers in this volume by Morrison (1978)
and by Zellner (1978).)
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At least one large C type asteroid is located near the vg resonant surface (213
Chaldaea) and others are in proximity to the Kirkwood gaps {Tables 1 and 2). Assuming
these asteroids are indeed similar to carbonaceous chondrites, they are strong candidate
sources for meteorites. The Apollo-Amor object 1580 Betu:ia is also of presumed carbona-
ceous compositions. The high geocentric velocity of fragments of Betulia would lead to a
very small yield of material from this particular object. However, the existence of one
carbonaceous body among this group, together with the observational biases against such low

\ albedo objects, argues that there are likely to be many more, including some in low-velocity
orbits.

o et e < o e e St et Aty = b i SRR s S

The S objects near the resonant regions may also be considered to be excellent parent-
body candidates for differentiated silicate and iron meteorites. This is narticularly true
of those near the vg surface, in view of the agreement bet.een their calculated exposure
ages and those measured on iron meteorites. The large asteroid 4 Vesta has frequently been
proposed as the source of the basaltic achondrite meteorites. Its reflectance spectrum is
- in accord with this identification. However, its perihelion is so far from Mars' aphelion
T and its semimajor axis so far from resonant value that there is no dynamical reason to
o expect a significant yield of meteorites from this asteroid. It seems more likely that
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differentiated silicate meteorites (achondrites) are derived from the silicate portion of
large S asteroids such as 6 Hebe and 8 Flora, their smaller counterparts (some of which are
likely to be their fragments), and Apollo-Amors derived from these bodies. Consolmagno and
Drake (1977) have questioned the validity of this inference in view of the near absence
among differentiated meteorites of the peridotitic residues of basalt formation, and have
proposed Vesta as a basaltic achondrite source for which only the surficial basalt layer is
exposed. In view of the dynamical problems associated with *his identification, it seems
premature o0 consider this line of reasoning definitive; rather it seems best to leave this
matter open at present. It is not at all clear that the collisional fragmentation of even
Vesta was sufficiently mild to preclude considerable excavation of its "mantle." It might
be that the excess of basaltic achondrites relative to their more ultramafic counterparts
is a statistical fluctuation associated with most of these meteorites being derived from a
single Apollo-Amor fragment from the Flora region, which happened to be a sample of a
basaltic portion of a large S asteroid.

1f ordinary chondrites do come from asteroids, it is becoming increasingly puzzling why
almost none of the asteroids match the reflectance spectrum of a chondrite. In fact, only
one main belt asteroid (th2 Apollo-Amor objects will be discussed separately) has been held
to be of ordinary chondritic composition by spectrophotometric observers, 340 Dembsyiska.
Even this identification has been questioned by recent infrared data (Matson et al., 1977).
Various explanations of this discrepancy have been proposed: poor sampling of asteroids,
observation of only a surficial layer of the asteroid, changes in reflectance caused by
solar wind sputtering or microparticle bombardment. However, plausible reasons for reject-
ing these hypotheses can be given. 349 Dembowska is a large asteroid (144 km diameter) not
too distant from the 5:2 Kirkwood gap, from which meteorites could be derived (Scholl and
Froeschlé, 1977). However, there are many other large asteroids similarly well situated
which don't look like ordinary chondrites, but are largely normal S- and C-type asteroids.
No mechanism is known which would preferentially sample Dembowska relative to these others.
Statistical fluctuations in the recent impact history appear inadequate to explain the
variety of ordinary chondrite ciasses or their different exposure histories.

Comets

It is practically certain that no meteorites in our collections have been derived from
historically observed comets. The shortest known cosmic-ray exposure age is that of the
ordinary chondrite Farmington (19,000 years) and this is unique. In contrast, the volatile
content of comets is insufficient to continue the observed volatile loss for more than
10* years. Furthermore, it is uniikely that most meteorites are derived from comets during
the active stage of their history, as they are usually too massive to be swept along by the
outflowing gases. Although meteorites could be freed from comets during more violent come-
tary outbursts, or following disruption while passing close to the Sun, it seems most likely
that cometary meteorites, if they exist, are derived from nonvolatile residues of comets
which are likely to survive following the active lifetime of a short-period comet. This
could be either from a core which was originally nantled with volatile ices, or a ioosely
aggregated collection of meteoritic fragments originally scattered through the icy material,
or from ice-poor portions of a regolithic breccia.

There is good, if not compelling, evidence that nonvolatile residues of comets exist.
There is a gradation in activity between highly volatile comets newly arrived from the Oort
cloud, and the short period comets. This trend continues down to apparently severely vola-
tile-depleted short period comets, such as Encke (Sekanina, 1971) and barely active comets
such as Arend-Rigaux and Neujmin I. The natural end-members of this series are the non-
volatile Apollo-Amor objects, and it has frequently been proposed that some or all of these
bodies are extinct comets (Opik, 1963; Anders and Arnold, 1965; Wetherill and Williams,
1968; Wetherill, 1976).
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One short period comet (Encke) is presently in an orbit with aphelion at 4.1 AU, well
within the orbit of Jupiter. An orbit of this kind is relatively stable with respect to
gravitational perturbatwons, in contrast to Jupiter-crossing bodies which will be ejected
from the solar system in ~10° years. Sekanina (1971) has shown how the "jet effect" (non-
grav1tatlonal forces which are the reaction to the comet's emittea dust and gas) has reduced
Encke's aphelion to its present value during the last ~1000 years. At present these forces
are small, implying relatively little emission of gas, which is compatible with Encke being
nearly extinct. On this line of reasoning, it can be predicted that during the next few
hundred years, Encke will become an Apollo object. Nor does it appear to be alone. A num-
ber of meteor streams are in orbits similar to Encke, often with aphelia even much further
within the orbit of Jupiter. Meteors in these streams exhibit physical characteristics very
much the same as the Taurid meteors, known to be fragments of Encke (Ceplecha and McCrosky,
1976; Ceplecha, 1977a). It is most plausible that these streams have been recently derived
from unobserved extinct comets, because the time required for evolution into orbits as small
as, for example, that of the Geminids (aphelion = 2.6 AU), is ~10® years (Wetherill, 1976).
In contrast the time during which a stream will remain coherent is ~10“ years.

Fragments of extinct comets are not confined to the small, and usually weak, smal’

meteors. Large objects, kilograms in mass, are associated with these streams. There is
even evidence thet very large (~100 ton) bodies are sometimes found in streams (Table 3).

Table 3. Fireball x Orionids (Type I1II)

a e i w 0 Date
N. X Orionids 2.22 0.79 2 281 258 12/4-12/15
ENG41274 (108 g) 1.98 0.76 3.5 282 252 12/4/74
+.18 +.03
EN021267 (14 kg) z2.20 0.79 3.9 283 250 12/3/67
+.02
S. X Orionids 2.18 0.78 7 101 79 12/7-12/1
PM39469.850 (1 kg) 2.33 0.78 5 93 78 12/10/76

Data from Ceplecha and McCrosky {(1976) and Ceplecha (1977b).

So it seems very likely that extinct comets exist and that large meteoroids derived
from them impact the Earth. To a large extent the orbits of these meteoroids will be simi-
lar tc those derived from the asteroid belt by the mechanisms discussed in the previous
section. Are these meteoroids ever meteorites, 7.e., can they survive passage through the
atmosphere and be recovered from the ground? No direct evidence for this exists at present.
However, there is circumstantial evidence that this may be the case. Ceplecha and McCrosky
(1976) have shown that meteoroids in the 100 g to 107 g mass range differ considerably in
their physical strength and ability to penetrate deeply into the atmosphere. Altnough it
is possible these differences will prove to be gradational, those observed so far fall into
three classes, and can be discussed separately.

Class 111, the weakest of all, is associated with a number of well-established cometary
meteor streams, and is nearly certain to be of cometary origin. Class Il is significintly
stronger. Some objects of this class also have definite cometary association (e.g., Taur-
jds and Encke). Ceplecha et al. (1977) have obtained a spectrum of one of these bodies
which had a terminal mass of 70 g, and hence survived passage through the atmosphere. The
spectrum shows strong CN bands and therefore contains carbonaceous matter. It seems most
plausible to associate this body with at least some type of carbonaceous meteorite.
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The strongest type of fireball meteor is Type I. A1l (hree fireballs photographed by
fireball networks which have been recovered as meteorites (o-dinary = noncarbonaceous chen-
drites) are of this class. Many fireballs (~1/3) fall into this class. There ir e.ery
reason to believe that any of them could have reach:d the ground if they had been lirge
enough, or had entered the atmosphere at sufficiently low velocity. Their tenrinal r s
distribution (Figure 2) indicates that it is common for both Type I and Type il met20rcids
to survive atmospheric passage. Except for the problem that asteroids don't ppear to be
of ordinary chondritic composition, there is no particular rrason why most of thete fire-
balls could not be of asteroidal origin, accelerated into Earth-crossing by one of the
gentle resonance gravitational mechanisms discussed in the previous section. IV sc. this

b
i
i
.- would oppose the present consensus that most meteors, both large and small, are derived '
from comets.
- Y
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However, there also seem to be Type I and Type Il bodies in prima facie cometary

orbits, e.g., with aphelia beyond Jupiter or in retrograde motion. Many of these are c*
high atmospheric entry velocity, >25 km/sec, and scaling to the velocities of the Type |
bodies actually recovered as meteorites may have caused them to be erroneously assigned to
Type I. But this is not always the case. Six (~3%) of the Prairie Network fireballs
(McCrosky et al., 1977) are low velocity (<20 km/sec) Type I bodies with aphelia (Q) be-
yond Jupiter (see Table 4). These have low terminal masses consistent with their small
initial masses. Tt is very unlikely that this is asteroidal material which impacted the
zarth while in tl2 process of being ejected from the solar system, as their number is a
factor of 210U '-rger than the number calculated from studies of the orbital evolution of
such material. It is certainly possible that these bodies are similar to recovered mete~v-
ites, and if so it is oniy a matter cf time before a sufficiently large one falls and is
recovered by a firehail network, provide! the-e networks remain operative. Most probably
these bodies are of chondritic composition, but they Lould be either ordinary or carbo-
naceous chonarites, as many carbonaceous chondrites are essenticl’y 3: strong as Oi...ary
chondrites, and would be expected to be observed as Type 1 fireballs.

Table 4. “Strong" Jupiter-Crossing Fireballs with Low Entry Vel-:ity

*
Number a e i Q Venrry M M M Type
(AU) (AU)  (km/sec) (9) (9)  (9)
PN39057 4.2 0.76 0.1 7.3 14.7 1400 a0 80 I
PN39820B 3.1  0.69 11 5.3 16.7 1100 19 8 I
PN39972 5.5  0.84 3 10.4 18.1 170 ) 0.7 1
PN82357C 3.0  0.67 12 5.0 16.0 360 7 20 I
PNA2312 3.0 0.69 14 5.1 17.5 430 2 6 1
PNA1282 4.5  0.80 2 8.1 17.5 1900 1 20 11

MINITIAL is the initial photometric mass given by Ceplecha and McCrosky (1976).

Mp is the terminal mass calculated by the formal procedure of Ceplecha and McCrosky
(1976). M? is the estimated photometric mass near the end point at ~8 km/sec.

If it can be shown that identifiable meteorites are associated with these more unusual

orbits of cometary affinity, it will be plausible to associate meteorites of the same class
in more ordinary orbits with extinct comets.

Apollo-Amor Objects

The facc that Apollo objects arc in Earth-crossing orbits and are exposed to asteroid-
al collisions near aphelion implies that at least some Earth-impacting meteoroids must be
derived from these budies. Although Amor objects are not Earth-crossing at present, it has
been shown (Wetherill, 1978) that evolution of Apollos into Amors a»' vice-versa is so rapid
that many Amors must be former or future Apollos. With regard to their role as meteorite
sources, the only questions are the quantitative one of yield, and that of their mechanical
strength. Calculations of the vield show that this could be large enough to supply the en-
tire flux of chondritic meteori (~108 g/yr), and is at least high enough to supply ~1%
of tnis material. No definite intormation regarding their strength is available.
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If some fireballs could be associated with known Apollo objects, such information could be
obtained from the end heights of these meteoroids. It is not obvious that such identifica-
tion will be possible, as the exposure ages of stone meteorites are comparable to the time
scale for major orbital evolution of Apollo objects. However, in the case of meteorites
with very short exposure ages, this could prove possible (Levin et al., 1976;.

One problem with identifying the Apollo-Amor objects with ordinary chondrites is that
the radiants of chondrites (Astopovich, 1939; Simonenko, 1975) and time of fall (Wetherill,
1968, 1969) are at least at first sight not in agreement with dynamical calculations of the
expected distribution of these quantities. This question needs to be examined in the light
of more recent wark on the aerodynamics of the entry of fireballs into the atmosphere
{ReVelle, 1976) and the orbital evolution of Apollo-Amors (Wetherill, 1978).

As discussed previously, Apollo-Amors are not peimanent residents of the inner solar
system, but are derived from an asteroidal or cometary source, or more likely, both. Thus
they can be thought of as big meteoroids which can fragment into small meteoroids, or im-
pact the Earth before fragmentation., forming craters 1-100 km in diameter. Some of these
bodies are probably the extinct comets discussed earlier, whereas others can be derived
from the inner asteroid belt (Levin et al., 1976; Wetherill, 1976, 1978). The resulting
orbits are similar in either case (Wetherill, 1978). ODynamical considerations suggest that
the cometary component should predominate. Interpretation of physical observations leads
to an ambiguity. A1l but one of the Apollos for which there are relevant data appear to be
related to either ordinary chondritic material or to S asteroids, rather than to carbona-
ceous material. On cosmochemical grounds, most workers would interpret this to indicate an
asteroidal origin. However, this argument could be turned around to imply a cometsry ori-

gin, as 2 consequence of spectrophotometric work showing that ordinary chondritic material
is rare or absent in the asteroid belt.

A1l three types of source bodies discussed wiil lead to the same general distribution
of meteorite and meteoroid orbits. These will predominantly be orbits of low inclination,
with perihelia near Earth's orbits, and aphelia in the asteroid belt. Full exploitation of
more subtle differences in the distributions is likely to require more detailed observa-
tional data and improved theoretical techniques. However, as discussed below, some tenta-

tive conclusions are now possible and suggestions for advancing our theoretical understand-
ing can be made.

SUMMARY AND SUGGESTED FUTURE WORK

The evidence is very strong that most differentiated meteorites are derived from the
asteroid belt, either directly or through the intermediary of Apgllo-Amor objects. Spectro-
photometric observations show there is opaque material with low albedo in the asteroid belt.
It is likely that this is carbonaceous. Some of these asteroids are adjacent to resonances
which can gently accelerate their Tow velocity collision spectra into Earth-crossing. Ex-
cept for the unlikely possibility that this material is too weak to survive atmospheric

passage (Type III fireballs), there should also be carbonaceous meteorites of asteroidal
origin.

It is also quite possible that some of our meteorites are cometary, probably derived
from extinct comets, most of which will be in orbits such that they would be identified as
Apollo-Amor objects. If so, these are likely to be undifferentiated meteorites. They
could be carbonaceous chondrites, ordinary chondrites, or both. It seems unlikely that
ordinary chonurites are of both asteroidal and cometary origin. However, carbonaceous
meteorites are so close to avarage nonvolatile solar system composition that their compo-

sition does not argue for a unigue Source region. Some classes of carbonaceous meteorites
could be asteroidal, others cometary.

One might think that the abundance of observational, theoretical and experimental evi-
dence relevant to the problem of identification of meteorite sources should permit more
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clear-cut identifications to be made than seems to be the case. The reason is that tne
evidence does not lead to an internally consistent solution. Thus, by use of only a por-
tion of the available evidence, it is apparently possible to come to more firm conclusions
than wh.on all the evidence is considered.

It is likely that an entirely new source of evidence, e.g., returned samples from
asteroids and comets, would rea’ly clear up the question. However, at the present stage,
it would appear useful to understand which line of evidence is leading us astray. This
suggests several lines of investigation.

1. Perhaps the most straightforward problem would be to resolve the
question of whether or not the distribution of chondriie radiants
and time of falls is or is not compatible with derivation of most
of these bodies from Apollo-Amor objects. This will require se-
lection of a plausible range of fragment size distributions making
use of available or new hypervelocity impact data. This could
then be combined with bias-corrected Apollo-Amor statistics
(smoothed by theoretical steady-state considerations) and an
improved physical theory for meteorite entry, perhaps along the
lines of ReVelle (1976) and Padavet (1977). Comparison of the
theoretical radiant and time of fall distribution with that ob-
served should then permit us to know whether or not the discrep-
ancy is as serious as appears at first glance.

2. Spectrophotometric measurements on asteroids has led to the con-
clusion that ordinary chondrites, especially L and LL chondrites,
are rare or absent in the main asteroid belt. On the otheir hand,
there are large asteroids adjacent to the 5:2 Kirkwood gap which
probably could supply meteorites with the required radiant and
time of fall distributions of chondrites. Could these be ordinary
chondritic bodies, the spectral signature of which has been ob-
scured by surface alteration processes? Plausibie arguments against
this possibility have been advanced, but do not seem to be suffi-
ciently definitive to settle the issue. Further laboratory simu-
lation coupled with theoretical studies of the basic physical
processes involved may be expected to be of considerable value.
These studies shculd also shed additional light on the origin of
other features, such as the absorpticn feature at ~.65 um seen in
many S asteroids, but which is absent in noncarbonaceous meteor-
ites. Several explanat-ons of this feature have been given, but
it is not clear that any of them are correct. When understood,
this feature could be important in relating the mineralogical
composition of meteorites to that of asteroids.

3. On a sufficiently short time scale, i.e., 107-10% years, the
orbital evolution of pianet-crossing bodies is deterministic and
can be handled by classical methods of celestial mechanics. How-
ever, on longer time scales multiple close planetary encounters
occur and minor differences in initial orbits result in grossly
different final orbits. Under these circumstances the system is
best modeled statistically. Although, like a roulette wheel, it
is still in principie deverministic, the information required to
make deterministic predictions is not available. Nevertheless,
in both cases, valid inferences of a probabilistic nature can be
made. Discuss-on of the long-range orbital evolution of planet-
crossing bodies has been entirely dependent on these stochastic
methods (Opik, 1951, 1977; Arnold, 1965; Wether111, 1968, 1977).
However, there are a number of assumptions and approximations made
in these stochastic methods which have never been critically
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examined using the full range of classical or conventional
celestial mechanical understanding which is available. It would
be trivial to show that the stochastic methods are not rig«rous
and trite to <4y "they should be used with great caution." What
is needed is a constructively motivated critical studv of these
techniques, directed toward placing them on a better cneoretical
foundation. This could allow us to have more confidence in
interpreting second-order differences between observed and
theoretical orbit distributions and to more quantitative esti-
mates of expected yields from various sources.

A principal basis for the inference that there is meteoritic
material of cometary origin is obtained from photographic fire-
ball networks, particularly the Prairie Network (McCrosky et al.,
1977). However, the efforts of these networks have primarily
been directed toward meteorite recovery, and are strongly biased
against the most clear-cut occurrences of cometary origin--the
shover meteoroids. Meteoroids identified as belonging to the
major showers were not reduced in the Prairie Network investiga-
tions, and Canadian Network data is not reduced at all unless a
meteorite fall is suspected. There are no continuing fireball
studies in the U.S. at present. In fact, all of meteor science
in the U.S. is in a state of rapid decline, following withdrawal
of both the NASA Ames Research Center and the Smithsonian Astro-
physical Observatorv from this field. The inferences tentatively
made previously strongly suggest that serious treatment of fire-
ball data may force revision of our present concepts of the
physi.al nature of comets, but this cannot happen unless some
people work in this field.

Many of the arguments used to identify meieorites with their
sources arc based on regolithic analogs. However, there is very
little understanding of how regolithic properties may be expected
to vary as a function of heliocertric distance or of mass and
composition on the body on which they occur. A start in this
direction has been made (Houser et al., 1977; Chapman, 1978).
Until we understand much more quantitatively just what an aster-
oidal or cometary regolith should look like, including charged
particle tracks, microcraters, agglutinates, etc., we do not
really know if meteoritic evidence favors or disfavors particular
regolithic identifications.

There is at rresent no theory; adequate to explain even qualita-
tively the origin of the principal features of the asteroid belt,
e.g., its small mass content, relative velocity distribution,
Kirkwood gaps and mixed chemical composition. Development of a
theory of this kind will require a much more quantitative under-
standing of the origin of stars and planetary systems in general,
and the Sun and planets of our solar system in particular. There
has been renewed interest in these problems during the last few
years, but the goal is still distant.

One can be hopeful that investigations alcng the lines suggested above would help
considerably in constructing an internally consistent framework in which to view the prob-
Tem of identification of meteorites with their sources.
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This short list of suggestions for future work is in no sense intended to be complete.
For example, it is obvious that the full set of chemical, petrological, and isotopic labo-
ratory work on meteorites is essential to a correct understanding of the relationship of
meteorites to their sources. Much more needs to be done. It is unlikely, however, that
such investigations would lead to the qualitatively distinctive revelations which have
followed actual spacecraft missions to the Moon and planets. "Ground truth" and sample
return may be expected to be the ultimate answer to the identification of meteorites and
their source, and to the realization of the geological context in which these small bits
of primordial material should be viewed. )
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DISCUSSION

ARNOLD: I tend to trust very much the argument that we don't get meteorites from the Moon
because of the 2.3 km/sec required ejection velocity.

WETHERILL: I believe that argument, too. It is difficult to quantify because it requires
quantitative knowledge of the impacts of large objects on the Moon. It could be that
there haven't been any large impacts on the Moon in the last few million years and
therefore this mechanism would not be expected vo contribute much to the meteorites
in our collections. A skeptic could get around this argument in this way. In our
thinking on this problem in the last several vears we have looked for move gentle
methods for transferring material from the asteroid belt to Earth-crossing regions
rather than direct impact and high velocity transfer.

CHAPMAN: What would be the yield of chondrites from Earth-approaching ohjects if you
wanted to assume they were all ordinary chondrites?

WETHERILL: About 108 g/yr. but this number is uncertain by at least an urder of magnitude.
There are more serious problems with an Apollo meteorite <ource. One is that if you
wish to believe that Apollos are cderived from the asteroid belt, it is necessary to
stretch the estimates of their nroduction rates by a factor of 10, possil:ly more.

ARNOLD: Does that problem also extend to the distribution of eccentricities?

WETHERILL: I don't really think so. In your work you had very small semimajor axes and
relatively low eccentricities. The v, resonance chanyes that result a lct. There are
slignt differences between the orbits of Apollos and orbits derived from tne different
regions of the asteroid b2it or those derived from orbits like Comet Encke. But they
are not nearly as extreme as theyv used to be.
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METEORITES AND THEIR PARENT BOLIES:
EVIDENCE FROM OXYGEN ISOTOPES

ROBERT N. CLAYTON

Enrico Fermi Institute and Departments of
Chemistry and Geophysical Sciences
Univereity of Chicago, Chicago, Illinois 60637
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As a result of the heterogeneous distribution of the i.. tobes
of oxygen in the early solar nebula, the various planets,
asteroids and meteorites have isotopic labels which permit
recognition of samples derived from common sources. It is
thus possible to see genetic associations between meteorite
classes, such as group Il E irons with H-group cordinary
chondrites, and enstatite meteorites with the Carth and Moon.
These associations help in defining the compiexity of the
parent bodies, and in determiring their region of origin
within the solar system.

INTRODUCTION

In order to understand the implications of all of the detailed measurements which are
made on meteorites, we must somehow establish their “field relations” vithin the solar
system. We need to identify their parent bodies, and reconstruct their histories of con-
densation and accretion. Oxygen isotope "fingerprints" provide a unique method giving
information on the number of parent bodies represented by the meteorites. The solar
nebula was rot completely homogenized with respect to the isotopes of oxygen prior to
condensation and accretion of the planets and meteorite parent bodies (Clayton ¢t al.,
1973). Materials which condensed in different regions or at different times acquired vari-
able proportions of a component enriched in 160. This isotopic "fingerprint"” remains with
the material, and no amount of chemical processing or mass-fractionation can eradicate it.

Thare are two possiple explanations for the isotopic heterogeneity of the nebula:
pre-so’ar solid grains enriched in 180, or a nucleosynthetically processed gas injected
intc the nebula followed by rapid condensation. The highest concentrations of the 160-rich
component are found in high-temperature condensate minerals in (3 carbonaceous chondrites.
ihis ahservation is consistent with the pre-solar grain hypnthesis if these grains were re-
fractory minerals which served as condensation nuclei for the solar system condensates. If
the 160-rich component was introduced into the solar nebula from a nearby suoernova explo-
sion, then the high-temperature condensates in C3 meteorites were probably formed in the
outermost parts of the solar nebula near the supernova shock front.

The oxygen isotopic compositions of the major stony and stony-iron meteorites are
shown in Figure 1, on a graph of }70/160 versus 1807160, The oxygen isotopic compositions
of matter in the early solar system were modified by at least two processes: (1) addition
of the !60-rich component, which displaces the composition toward the lower left of the
graph, along a line of unit slope; (2) mass-dependent isotopic fractionation associated
with chemical or physical processes, which displaces the composition along a line of
slope 1/2, in either direction, depending on the particular process. The heavy line in
Figure 1 is the locus of compositions of terrestrial materials, and illustrates the effect
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Fig. 1. Oxygen isotupic compositions of various meteorite greups. Ordinate is
1797160, 4. ° abscissa is '"0/160, both expressed as permil (parts per thousand)
deviations trom an arbitrarvy terrestrial standard (SMOW). The heavy line with
slope 1/2 is the locus of all terrestrial materials, wnich spread along the
line due to mass-dependent isotopic fractionation. The mean value for tne
farth is probably indistinguishable from that for the Moon. The dashed line
with unit slope is the axtrapolation of the 10 mixing line ¢bserved in sepa-
rated phases of C3 chondrites, most of which are off-scaie to the lower left of
this figure. Analvtical uncertainties in the data dre somewhat smaller thar

the plotted points.

of mass-fractionation processes vithin a single planet. The actual range of observed iso-
topic compositions on farth is ataut six tiwes as great as the span of Fiqure 1. The
dashed line in Figure 1 is the mixing line of unit slope which is generated by individual
inclusions and mineral samples from several C2 and (3 meteorites (Clayton ~+ ual., 10779,
The observed range of compositions extends well off the diaqram to values of V180 of 230
The variations in composition of all of the other meteorites are presumably due to a
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combination of these two processes of mixing and fractionation. Thus meteorites lying
above the terrestrial line (Cl1, ordinary chondrites, 1IE irons) contain less of the !°0-
rich component than the Earth, whereas the C2, C3 carbonaceous chondrites and most of the
ditferentiated meteorites contain more than the Earth.

It should be considered whether a planet or meteorite parent bor': might, as a conse-
quence of heterogeneous accretion, be internally heterogeneous with respect to oxyaen iso-
topes (in addition tc the obvious effects of isotopic fractionation). The evidence from
terrestrial and lunar samples strongly indicates that all materials sasmpled have come om
a single homogenized reservoir, as would be expected for such large dirferentiated b+ ses.
At the other extreme, it is knows that C2 and C3 carbonaceous chondrite: are isotopically
heterogeneous on a submillimeter scale. The evidence bearing on homogereity in parent
bodies of other meteorites is less direct. For example, all L aid LL chondrites apoear

P g0t mbaah

} 171 to be derived from a common reservoir, possibly a single parent bedy, ana all H chondrites
i K are derived from some other reservoir, also possibly a single parent body. It is obviously
‘4 - imgossible, in principle, to distinguish between two noninteracting regioins of a single
b parent, on the one hand, and two distinct parents on the other. However, lacking any evi-
‘ ] dence in favor of large-s-ale internal heterogeneities, I shall assume that isotopically
‘} & I distinct source reservoirs imply different parent bodies.

|
— e
> 4
)
_

In the following sections, the various major meteorite groups will be discussed, with
. particular refererce to the interrelationships among aroups and the inferences with respect
b to their parent bodies.

CARBONACEOUS CHONDRITES

.v.‘, )
v!
<

It cc~ be seen in Figure 1 thct the C1, C2, and C3 meteorites occupy three distinct
regions 67 the oxygen isotope diagram. The C2s are a special case, since they are composed
i of approximately equal amounts of high-temperature anhydrous silicates (olivine and pyrox-

! ene) and a low-temperat:re phyllosiiicate matrix. The region of Figure 1 labeled C2 is for
. the matrix material; the data for olivine and pyroxene are distributea along the !0 mixing
line determined by the minerals from C3 meteorites. C1 and C2 matrix materials are distinct
from one another and, interestingly, lie on opposit2 sides of the terrestrial fractionation
line. They clearly represent different source regions. Since both types are thcught to be
very primitive solar system materials, and since many asteroids appear to be similar to Cl
or C2 meteorites, it is to be hoped that observations of asteroids can be improved to allow
! distinction between these two types of material.

b

The difference in isotopic compositions between C1 and C2 matrix requires that they be
tformed from nebular gase< of difterent isotopic compositions, separated either in space or
in time. Since both (1 meteorites and .2 matrix consist of hydrous silicates formed at low
temperatures, probably by interaction with water vapor in a nebular gas, the isotopir dif-
ference between the two groups implies gaseous regions of the nebula with different 160
. abunuances. The C1 material could be derived from the same source as the H-group ordinarv
‘\ chondrites, since these two groups appear to lie along a common fractionation line. Ther:
. is no group of chondrites bearing a similar relation to the (2 matrix material. However,
the unique chondrite Kakangari and the achondritic parts cf Bencubbin ard Weatherford may
have such a relationship. In each case, the temperature effect un *hc isotopic fractiona-
. tion between gas and solids would account for the enrichments in heavy isotopes in the low-
T temperature phyllosilicates relative to the higher-temperature olivine and pyroxene. (Note
<. that no lgw—femperature phyllosilicate counterpart to the L-group chondrites has yet been
observed.

o e e St 4 o = o —ars | —

| L Although th- C3 meteorites are isotopically heterogeneous on a submillimeter scale

) (Clayton et al., 1977), their bulk isotopic compositions are very similar to one another,
P and only subtle differences detween the subciasses C30 an' C3V are detectable. Determina-
- tion of the location and mode of origin of these meteorites is of the utmost importance in
deducing solar system history, since they are the principal hosts of the nucleosynthetic
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isotope anomalies in oxyger.,, magnesium, calcium, barium and neodymium (Clayton et al.,
1977; Lee et al.. 1977; Lee et al., 1978; McCulloch and Wasserburg, 1978). In the case of
the anomalies in minor elements, their observation in C3 meteorites may simply reflect
more favorable conditions for preservation. However, in the case of the oxygen anomaly,
the bulk meteorites show a greater !60-excess than any others, with the exception of the
unusual pallasites Eagle Station and Itzawisis. The C4 meteorites Karoonda and Coolidge
have oxygen isotopic compositions which are essentially the same as the C3s. The internal
isotopic fractionation among minerals in C4s is consistent with metamorphic recrystalliza-
tion at a temperature near 600°C (Clayton et ai., 1977).

A few carbonaceous chondrites have unique isotopic compositions, and do not fall with-
in the three main groups. Al Rais and Renazzo, commoniy classed as €2, have distinct com-
positions unlike the C2 group. Mokoia, usually classed as C3, has an isotopic composition
which appears transitional between C3 and (2.

In addition to macroscopic carbonaceous chondrite meteorites, fragments of similar
material have been observed as inclusions in other meteorites (Wilkening, 1978). Some of
“hese have been found to have isotopic compositions different frowm the main carbonaceous
chondrite groups, although most are rather similar to the C2 group chemically and isotopi-
cally (Clayton and Mayeda, 1978a). Thus, it would appear that conditions for production
of C2-1ike material occurred in many places in the solar system; the observation =€ many

asteroids with C2-lTike surfaces (Chapman et al., 1975) is, of course, consistent with this
observation.

ORDINARY CHONDRITES

Two distinct source reservoirs are required for the ord nary chondrites: one for the
" group, another for the L and LL groups. The latter two are not resolved from one an-
vcher, and could be chemical differentiates from the same sour~e. The two reservoirs are
displaced from one another in the direction of 160 mixing, implying condensation under
similar conditions from two isotopically distinct parts of the nebula.

Possible association of H-group chondrites with C] chondrites has been discussed above.
They may also have been derived from the same oxygen reservoir as the silicates in tyoe IIE
irons (Clayton and Mayeda, 1978b). There is no genetic association between the ordinary
chordrites and any of the achondrites. In fact, where chondritic and achondritic fragments
are found together in brecciated meteorites, they are found to have distinctly different

oxygen isotope atundances, thus requiring derivation from separate parent bodies (Clayton
and Mayeda, 1978a).

ACHONDRITES, MESOSIDERITES AND PALLASITES

Most of the differentiated stony and stony-iron meteorites fall into a single group in
the oxygen-isotope diagram. This class includes the eucrites, howardites and diogenites,
as well as the mesosiderites and pallasites. It also includes the well-studied achondrite
Angra dos Reis, the igneous differentiation of which was complete 4.55 Gy ago (Lugmair 2nd
Aarti, 1977; Wasserburg et al., 1977). Were all of these meteorites derived from the same
parent body? Differences in initial 87Sr/86Sr imply that they were not. Nevertheless the
uniformity of oxygen isotopic composition requires that this large group of differentiated
meteorites was derived from a common reservoir in the nebula.

A few achondrites form smaller, separate isotopic classes. The ureilites form « single
group with isotopic compositions more like carbonaceous chondrites than achondrites. Nakhla
and Lafayette, presumably fragments of the same parent, have a unique isotopic composition
not obviously related to other groups. Shergotty and Zagami likewise form a separate group.
Bencubbin and Weatherford are metal-rich breccias with a distinct and complex isotepic
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signature. Eagle Station and Itzawisis are hichly unusual in both chemical and isotopic
compesitions relative to other pallasites. Their parent body appears to have formed with
an exceptionally large complement of “igh-temperature condensates, labeled with the 16Q-
excess recognized first in the C3 chondrites (Clayton and Mayeda, 1978b).

The aubrites are discussed in the next section.

ENSTATITE CHONDRITES AND ACHONDRITES

The enstatite chonirites and aubrites form a single class (Clayton et al., 197€), con-
sistent with derivation from a common parent body, as has been suggested on chemical grounds
by Wasson a.d Wai (1970). This raises doubts about either the association of the E spectral
type of asteroids with the aubrites (Zellner et al., 1977) or the RF and RR spectral type
with the enstatite chondrites (McCord, 1978). Such problems are not unexpected due to the
lack of characteristic features in the reflectance spectrum of enstatite (Gaffey, 1976).

A remarkable aspect of the oxygen isotopic composition of the enstatite chondrites is
that it is very near that of the Earth and Moon. The composition appears to lie squarely
on the terrestrial fractionation line, perhaps a little enriched in the heavy isotopes rel-
ative to terrestrial mentle rocks. It is curious that the Earth should be so similar in
isotopic composition to this meteorite group, since the high degree of reduction of the
enstatite chondrites would appear to require their condensation in a region of the nebula
in which the C/0 ratio was significantly greater than elsewhere {lLarimer, 1975). Further
chemical and isotopic studies of enstatite chondrites are important to investigate their
relationships to the inner planets.

IRON METEORITES

Type I1IE irons, which contain coarse-grained silicate minerals, may have a common
parentage with the H-group ordinary chondrites, as discussed above. The type IAB irons are
breccias containing silicate rock fragments of chondritic composition (Bild, 1977). They
fall in a single group in the oxygen isotope diagram, which may be related to the enstatite
chondrite group by 160 addition. This association with the enstatite chondrites is also
suggestea by the low iron content of the mafic silicates in the IAB meteorites. Perhaps
these meteorites are good candidates for the RF-type asteroids.

PROSPECTS FOR REMOTE ISOTGFIC ANALYSIS OF ASTEROIDS

The problems in performing sufficiently accurate !80/170 and 17C/160 measurements with-
out sample return are foimidable. Although !€0 is abundant, the heavier isotopes are not.
Recolution of the different meteorite classes, for example H chondrites from L chondrites,
requires a precision in the 170/160 ratio of better than 5 x 107%. Since the absolute value
of this ratio is only 4 x 10", the measurement requires determination of 170 concentrations
to better than 2 x 10-7 relative to 160. Mass spectrometry is the only feasible technique,
and the elimination of interfering species, such as hydrides, would be exceptionally diffi-
cult without the chemical processing used in laboratory analyses. Technigques without chem-
ical sample preparation, such as laser-probe or ion-probe mass spectrometry fail far short
of the necessary precision in terms of both random and systematic errors. There is no ob-
vious fundamental limitation to such remote isotopic amalysis, but a very large amount of
instrument development would be a prerequisite.
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DISCUSSION

VEVERKA: Why are the H and L chondrites represented by a single point, whereas the C chon-

drites are represented by an extended area?
That is what we observe. The Cs really do appear to spread out over some range

CLAYTON:
along the fractionation direction due to small differences in the formation temperatures

of the minerals. Because the Cs are formed at Jower temperatures, the isoinpe effects
are large and a change of 10 or ~ ‘egrees in condensation temperature woula give you a
substantial spread. Ten or 20 ¢ ces at the condensation temperatures of the H: and

and Ls would give a very much smajler spread.
FANALE: Are the data here spurious in the sense that what is analyzed is really a prysical

mixture of !80-enriched Ci material and !80-deficient C3 material, which would give
points for C2s lying along some mixing line?

CLAYTON:

impurities, and I think we have satisfied ourselves that we have done that pretty well

We have also managed in one case to do an analysis on a carbonate phase of a CZ2, where
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there is one percent of calcite That point lies quite a Tong way from the matrix but
is on the same fractionation line as the matrix. So there is pretty good evidence, I
think, that these are not mechanical mixtures and that they acquired this composition

by interaction with a gaseous material that lies somewhere along the fractionation line.
FANALE: Is it possible, at least in the case of carbonaceous chondrites, that the 180-

enrichment is due to a nonthermal activation process during an interaction with more
180-rich vapor at high vapor pressures? Or did we really have a homogeneous nebula
where at the surface of a progenitor body, such as Ceres, there was preferential escape
of 160 from the base of the exosphere leaving a surface which was, therefore, !80-
enriched?

CLAYTON: You ask whether the low temperature minerals could have been formed from ordinary

chondrite material by low temperature exchange with an !80-enriched gas. [ would say
that is a possibility, particularly if the gas is a large reservoir compared to the
meteorites, s¢ that they ended up with no memory of their original composition. There
is one thing that leads us to think that something like that might be going on. In
samples from other meteorites we saw peints that were near the dashed line for C3s

(in Figure 1) and we started taking apart some of the C3 meteorites which contain a lot
of iron-rich anhydrous silicates. We find that the olivines with different chemical
compositions move up and down the dashed line and as we get to the most iron-rich we
have at least one point that is on the fractionation line to the C2 matrix region. 1
can't cite any similar evidence, connecting Cls with anything else. Your second possi-
bility was that everything was once homogeneous and was subsequently enriched in 180.
Presumably you would have to start with very 180-deficient material like C3 meteorites.
I think it's highly unlikely that all of the planets and the Moon and everything were
made by that kind of alteration, at least based on what we have seen so far in Allende
which is just a few grams of very peculiar C3 matrix in a very peculiar chemical state.
I would be more inclined, so that you don't have to move so many atoms, to say that the
materials like the C1 and C2 chondrites are normal and that C3 material is abnormal.

McCORD: If the instrumentation did exist for doing oxygen isotope analysis on the surface

of an asteroid, what sort of sample handling would you require?

CLAYTON: If the analysis were done by some kind of a laser probe or an ion probe mass spec-

trometer, no sample preparation is needed. We are working here on the development of
an ion microprobe mass spectrometer, not for extraterrestrial analysis, but for terres-
trial analysis, and sample preparation there simply involves using a polished rock sur-
face. We do have to put on a conducting coating to keep it from charging up. That is
the only preparation we need.
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NATURE AND cVOLUTION OF THE METEORITE PARENT BODIES:
EVIDENCE FROM PETROLOGY AND METALLURGY

JOHN A. WOOD

Center for Astrophysics
Cambridge, Massachusetts 02138

Petrologic and metallurgical properties of the meteorites
that specify or limit their depth of equilibration in the
parent bodies are noted. Origin of the structure of palla-
sites is discussed in detail. The pallasitic structure
could have formed stably at the core/mantie interfaces of
internally melted small planets, where the weight of sunken
olivine cumulate layers submerged the lowermost olivine
crystals in underiying molten metal. However, the weight
of the cumulate layer would also deform the olivine crystals
so extensively as to destroy the pallasitic structure, ex-
cept in the smallest parent bodies (< ~10 km radius). It
appears that melting and differentiation (to produce palla-
sites, irons, achondrites) occurred in an early generation
of small planetesimals, but final cooling of the meteoritic
material occurred in larger bodies.

A1l the evidence from petrological and metallographic studies of meteorites indicates
that they evolved and to some degree equilibrated at relatively shallow depths in planets.
Most of the evidence from these disciplines does not testify to the total size of the
planets, though there is one item of evidence that I believe does constrain the dimension
of certain of the- parent planets to be very small; most of the present paper will be de-
voted to a discussion of this point.

So far as evidence constraining depths of origin (not planetary sizes) is concerned,
at the simplest level one can cite the ophitic textures of eucritic achondrites, which are
reproduced in terrestrial circumstances only by volcanic rocks that crystallized in surface
flows or at very shallow depths in feeder conduits. Evidence from textures, microcraters
(Brownlee and Rajan, 1973}, and fossil tracks (Wilkening, Lal, and Reid, 1971) in other
types of Ca-rich achondrite point to their evolution in regoliths, at the surface of one or
more bodies.

The meteorites contain no minerals inconsistent with equilibration at very low pressures
apart from the occurrence of diamond in the Canon Diablo iron and in the ureilites (a type
of achondrite), the formation of which is clearly attributable to shock pressures upon im-
pact rather than sustained pressure at depth in a planet (Lipschutz and Anders, 1961;
Lipschutz, 1964). On the other hand, minerals that would be produced by high pressures are
not observed. Figure 1 shows a phase diagram relevant to chondrites and mesosiderites.

The mineral assemblages of both meteorite classes fall in the left (low-pressure) field;
t.e., plagioclase is stable rather than spinel or garnet. The diagram cannot be used to
make a quantitative estimate of pressures for these meteorites because it does not include
the effect of Na and FeZ”™, which are important components of the meteoritic systems. The
abundance of aluminum in the M1 sites of orthopyroxene in ordinary chondrites is vanish-
ingly small (0.1 + 0.1%), which at the apparent temperature of equilibration (+850°C)
indicates very low pressures. Interestingly, the Aly; content of orthopyroxene in a
mesosiderite (Patwar) is somewhat higher (0.4%; Weigand, 1975). Because of the approxi-
mations mentioned, however, these values cannot be interpreted quantitatively.
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Perhaps the most valuable evidence for depth of equilibration of meteorites is pre-
served in the metallic minerals they contain. The rates at which metal-bearing meteorites
cooled through the temperature interval 600°-400°C in their parent planets can be estimated
from the nature of Ni diffusion gradients preserved in their metal alloys (Wood, 1964;
Goldstein and Ogilvie, 1965). The slower the cooling rate, the lower the temperature (and
hence the higher the Ni content of the y alloy) when diffusion was immobilized. Character-
jstic cooling rates for a number of meteorite classes are summarized in Figure 2 (Wood,
1967; Goldstein, 1969; Powell, 1969; Buseck and Goldstein, 1969). This figure also sug-
gests possible cooling sites for the meteorite types, by displaying cooling rates as a
function of depth in planets of asteroidal dimension. The cooling rate calculations assume
a uniform initial temperature of 1000°C and chondritic long-lived radioactivity, but do not
take account of redistribution of heat sources by igneous activity (Wood, 1967).

Many writers have concluded that the meteorites came from differentiated, concentric-~
ally layered parent bodies, structura.ly analogous to Earth. Iron meteorites would repre-
sent the cores of these bodies. Others have advocated parent planets with "raisin bread"
structure, meaning that relatively smell zones of metallic Ni,Fe were dispersed at all
depths in them. Urey (e.g., 1963) cites curious reentrant cavities on the surface of the
Goose Lake iron meteorite (Henderson and Perry, 1958) and the relatively large abundance of
pallasites among meteorites as evidence that the surface/volume ratio of iron masses in the
parent planets was high, therefore the iron masses occurred in “"raisins.” (Pallasites are
stony-iron meteorites that consist of rc.ghly equal amounts of coarse olivine (~1.0 cm) and
metallic Ni,Fe. The olivine crystals are in close-packed array, with metal filling the
spaces between .hem. Clearly the solid olivine crystals accumulated stably in this configu-
ration while the metal was molten (i.e., in the temperature range 1600°-1400°C). Properties
of pallasites are reviewed by Mason (1963) and Buseck (1977)). Wasson (1972) notes that the
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fig. 2. Left, cooling rates of metal-bearing meteorite classes. Right,
depths at which cooling would have occurred at these ratc., in four
hypothetical planets of astercida) dimension. Depths >180 km in the
500 km body would not cool to 500°C in 4.6 x 109 yr,

wide range of cooling rates of some geochemically coherent classes of iron meteorit-s,
taken at face value, indicate that the latter evolved in the same parent planet but in dis-
crete bodies at widely varying depths, i.e., in "raisins.” (Cooling rates of 33 Group 1lla
irons range from 1.5° to 10°/105 yr; 23 Iva irons, 7°-80°/106 yr; Goldstein (1969).)

However, a detailed consideration of the chemistry and cooling rates of Group 11la
irons (Figure 3) makes it appear likely that meteorites from two sources, each with cooling
rates uniform to within the uncertainty of the method, are lumped in this group. Group IVa
can be similarly decomposed into two or three uniformiy-cooling components. Figure 2 re-

e

L flects the subdivision of these two groups. Further, the concept of “"raisins® does not
f%{ really make the Goose Lake cavities any easier to understand, nor Joes the model when exam-
R ined in detail help to account for the apparently unstable mixture of high- and low-density
ﬁ“g components that constitutes pallasites. The "raisin bread" model and others involving
<5
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Fig. 3. Ni and Ge contents and metallographic cooling rates of
Group IIIa iron m-teorites. The number beside each data point

is the cooling rate, in degrees C/105 yr. A1l meteorites common
to the studies of Wasson and Kimberlin (1967) and Goldstein (1969)

are plotted. Two subgroups, probably representing discrete
sources, are indicated.

dynamic processes (e.g., Scott's (1977) concept of intrusion of molten metal into olivine
cumulates) do not square well with the orderly, close-packed structure of most pallasites.

There is an aspect of melting and differentiation of planetary interiors that would
have produced pallasitic material as a gravitationally stable layer at the core/mantle
interface. An olivine cumulate layer immersed in mafic silicate magma would press down on
the interface between magma and differentiated molten metal/sulfide with a weight propor-
tional to (1) the thickness of the cumulate layer, (2) the difference in density between
olivine and magma, and (3) the local value of 3. This would submerge the lowermost olivine
crystals a certain distance into the molten metal/sulfide (Figure 4a). The depth of sub-
mergence would be greater if magma were free to erupt to the surface of the hypothetical
planet, meaning that (1) above wuuld embrace all the unmeited substance of the planet whose
density was greater than that of the magma (Figure 4b). The amount of pallasitic material
that can be formed by the mechanism of Figure 4b can be calculated by assessing the downward

weight of solid silicates between R, and Ry and requiring the upward buoyant forces of solid
olivine crystals between R, and R, to equal this value:
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Results are shown in Figure 5, for a range of possible core sizes. The relative volume of
pallasitic material produced is independent of the absolute size of the planet. In prin-
ciple, the volume of pallasitic material that would form in an interr.lly melted planet
(relative to pure Ni,Fe metal) is substantial, larger than the ratio of pallasites to irons
in museum cullections. .

Absolute values of the weight exerted downward by cumulate olivine at R> can be esti-
mated, by assessing one side of Equation (1) as a function of R (> R;). These are 4, 16,
63, and 390 bars, in planets of total radius 50, 100, 200, and 500 km respectively, for
reasonable compositions and internal configurations. These are small stresses, but olivine
is extremely weak at the high temperatures of molten iron, and even small directed stresses
cause it to yield by the mechanism of power-law creep (Ashby and Verrall, 1977).

A
Unmelted
rock
TN —
Mafic
silicote
liquid

Olivine
crystals
+ liquid

Metallic
Fe,Ni
liquid

Fig. 4. Radial columns in an internally melted small planet. A: the simple case in
which the melted zone is enclosed by an integral shell of unmelted rock. B: the more
vrealistic case where the unmelted shell fractures and founders, resting on cumulate
olivine in the melted zone; silicate melt is erupted to the planetary surface.

C: the effect of deformation of olivine in the pallasitic layer is to squeeze inter-
cumulus liquids out of it, closing the olivine cumulate layer into pure dunite.
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pallasite zone), as a function of the tu.al size of the metal + pallasite zone
(the core). A1l values are relative to the overall radius of the planet (R);
the relationships are independent of absolute size. Dashed portions of curves
correspond to unrealistically large cores, larger than would be produced by
total melting and differentiation of ordinary chondrites.

Total deformation (y, where y = 1 corresponds to the shear strain needed to deferm a
right angle to a 45° angle) equals the strain rate {y) times the time (AT) needed to cool
to solidification. Taking

o = (5 x 1078)52

(0 = directed stress in Kbar, 5 = planet radius in km; from the above calculations),

y = (4.6 x 10%)g-9!

for olivine in the temperature and shear stress regime of interest (Ashby and Yerrall,
1977), and

AT = (2 x 103)R2

from cooling rate calculations made by the author [A. in years; assuming a site at
depth = 0.5/, and cooling through the temperature range 16(0°-1400°C), the relationship
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between planetary dimension and total deformatior experienced by pallasitic olivine is
found to be

v = (3.4 x 1978)x7-82 (2)
This relationship is plotted in Figure 6 (uppermost curve).

Deformation great enough to obliterate the characteristic pallasite geometry would be
experienced by olivine crystals at the core-mantle intertaces of planets larger than 10 km
radius. Olivine deformation in these circumstances would have the effect of squeezing mol-
ten metal out the bottom of the pallasitic layer and molter, mafic silicate out the top of
the overlying layer (Figure 4c), resulting in a stable layer of virtually pure dunite.

Since Equation (2) applies only to level 7., and the directed stresse, and y taper to
zero at K, it might appear that only the upper portion of the pallasitic layer was in
danger of obliteration in large planets. However, the dashed curves of Figure § make it
clear that no significant portion of the pallasitic layer in a planet much larger than
10 km radius would survive destruction.

5 5 5
00' o@
A SR Shi Sl S SENES N SEER SUNE SR

o

~N

Deformation of olivine crystals at R,
&

R/ Y
T 75 ////07///
LSy
LLLLLL L0424

Roadius of planet, km

Fig. 6. Total deformation experienced by pallasitic oliv-
ine during cooling of a small planet, as a function of the
planet's dimension. The curve labeled 1 represents olivine
1t the A7, interface, where stresses are greatest; the ¢!
curve appli_- at a level 107! of the distance between #,
end A-, and so forth.
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Deformation experienced in >100 km planets (such as Figure 2 appears to require as a
cooling site for pallasites) is excessive by such a large factor (:108) that even nenarauc
allowance for the uncertainties attached to the estimite does not make it possible to rec-
oncile the circumstaaces of formation with the circumstances of -+ ina of pallacites.

It appears insscapablc that thc pall-~‘tes gol”lifired in smal? (~') km) bodics, but these
subsequently mua* lave joined largar (>100 km) bodies before . 1l o ling through 500°C
occurred. The s ze and energy requirements and thc timing of Lhe firzt generation of bodies
are consistent wiith the Geldreich-Ward mechanism of planetecimal farmation by gravitationa’®
instability of a dust disk within tha primordial nebula {'9 ' and the 26A1 content of early
solar system material (Ler et al., 1677). Presumably the :2cond generation was accunulated
by planetesimal encounter, over a longer time period, ufter tne dissipation of the neoula.

Thus it appears lixely that the (<=cc..d generatior) parent meteorite planets did in
fact have "raisin bread"” structures, as a consequence of thoir assembly from smaller d7-
ferentiated bodies; but there is no reason to expect that .he "raisins" in any particular
second-generation body were geochemically related. It is quite possible that most ar all
iron meteorites went through a similar two-stage history, veinn melted and different-ated
in a small body then cooling as a "raisin" in a larger planet, but there is no obvious way
to test this. The iron meteorites may have formed as cores interior to pallasitic layers,

or their first generation bodies may have been too large to permit the survival of signifi-
cant amounts of pallasitic materiil.
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DISCUSSION

GROSSMAN: I would like to know if the boundaries in Figure 1 change depending on the pro-
portions of Ca0, Mg0, etc.? I am wondering whether the particular section yeu are
showing is sensitive to these proportions.

WOOD: If by proportions you mean changing the modal forsterite to anorthite ratio, no, the
boundaries do not change. Al1° the isopleths of Al in the Ml site of orthopyroxene and
the boundaries shown in Figure 1 are valid for the mineral assemblages listed, irre-
spective of the mineral proportions.

GROSSMAN: I wonder if you ought to stretch the point to include up to 12 Kbars on the
spinel minerals?

WOOD: It is important to first specify what sort of spinels you are referring to. Mg and
Al-rich spinels in equilibrium with olivine and two pyroxenes would indeed reflect very
high pressures. In this case plagioclase would no longer be stable with olivine. How-
ever, chromite-type spinels can be in equilibrium with olivine, plagioclase, and two )
pyroxenes at very low pressures (i.e., 0-1 Kbar at about 850°C). The Mg-rich spinels
of chondritic Ca, Al-rich inclusions coexist with minerals other than those given in ,
F;gure 1; the figure is not applicable to spinel + melilite + fassaite, etc., assem- .
blages. | A

ZELLNER: Apparently you must have at least one parent body of 500 km diameter.

WO0D: That is what is implied in Figure 2, where the diameter jumps from 200 to 500 km.
But I am not sure you couldn't achieve the lowest cooling rates in somewhat smaller
bodies.

ANDERS: 1Isn't it still true that the very lowest cooling rates, below a degree per million
years, are a paradox, being found in some of the unequilibrated ordinary chondrites
that are volatile-rich and which seem to have had a fairly gentle temperature history?
To get these low cooling rates, one has to go fairly deep inside a large body. The
second paradoxical category is mesosiderites, where I think you pointed out that they
would not cool to a reasonable temperature in the entire age of the solar system.

WOOD: VYes, that is right, if you make the assumption that the mesosiderites have resided
at the same position in their parent bodies since the time they were formed. If you
are willing to explore more exotic possibilities of relocation of volumes of meteoritic
material, and to go through several generations of parent bodies, then these things can
be worked out. ¢
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ANDERS: Isn't it possible that the method works reliably for irons but occasionally mal-
functions for mixtures of silicate and iron? [ think your cooling rates for ordinary
chondrites certainly are very plausible. But those for the other types of meteorites
such as unequilibrated chordrites, mesosiderites and pallasites (again mixtures of
stone and iron), all come out suspiciously lower. I wonder if there isn't something
in the method that goes sour.

HOOD: I personally don't believe so. The fact is, the first data that indicated a very
low cooling rate for a mesosiderite was not gotten by me or Powell on the basis of
isolated metal grains. It was gotten by Short on the basis of a nodule in a mesosider-
ite that displayed integral Widmanstatten structure, and on the basis of the old clas-
sical cooling rate method he came up with that slow cooling rate. The work was never
published, although it appeared in an abstract for a Meteoritical Society meeting.
Short had a small piece of an iron meteorite there; the cooling rate he derived from it
should be as reliable as the cooling rates gotten for octohedrites.

ANDERS: I think there is one very important clue that ycu omitted which can lead to a
totaliy different conclusion. Namely, quite a number of pallasites have olivines at
the top and at the bottom and a clear channel of metal in the middle. This coniigura-
tion is not in hydrostatic equilibrium. In my 1964 review I pointed out one way to get
tnis is to have an olivine zone overlying a core and then mix these two by shock. Ob-
viously such configurations could not have persisted if the materials had remained
molten for a long time. It is only the momentarily liquid state after shock, followed
by instantaneous freezing, that allows this to survive.

WOOC: I didn't have time to address all aspects of pallasites. There are some properties
of pallasites and some types of pallasites that have clearly been affected by dynamic
situations, where there was an injection or intrusion of molten metal. Indeed, the
fact that some pallasites consist of olivine fragments rather than nicely rounded crys-
tals bespeaks some sort of violent event. The fact is, however, a great many, perhaps
most of the pallasites, do consist of rounded olivines in nicely ordered, close-packed
arrays, as was shown by no less than Lord Rayleigh. To that you would have to add a
caveat to the effect that some of these parent bodies suffered shocks or stresses or
techtonic events during the crystallization of their cores that allowed still molten
metal to intrude regions that had begun to solidify. The regions of olivine crystals
at the two ends of the particular specimen that you speak of are in close-packed array.
The violent event that injected metal between them could not really have been the same

event that filled in the spaces between these nicely ordered arrays of olivine crystals.

The crystals just wouldn't stay together; they would scatter out.

VEVERKA: Two points. First, a crucial question is what is the effective g? We can reduce
g by considering rotation. In fact, if the original bodies had very rapid rotation
periods (+2 hrs), then g would have been ciose to zero, or at least very small through-
out the body. Thus for rapidly rotating bodies deformation may have been small even at
great depth. As long as g wasn't exactly zero, gravitational settling could still be
invoked as Goles, Fish and Anders showed in 1960. Second, a discussion of the uncer-
tainties in the exponent of 5, which is a component of Equation (2), is needed. Two
aspects nee” to be considered. First, in the actual laboratory measurements is the
exponent deiermined to :0.1, 0.5, or what? Second, how well can one extrapolate the
exponent to the present case? The argument about the need for two generations of
"parent" bodies hinges in part on the high exponent of o. Could the exponent be re-
duced to 5? Would that change the conclusions? The argument that two generations of
parent bodies are necded to account for the pallasites hinges on Equations (1) and (2).
In Equation (1) it is essential to make sure that the correct g is being used. In
Equation (2) it is essertial that the correct exponent is being used.

WOOD: Let me address the second point first. The relationship between stress (o) and the
strain rate (y) of olivine is based on experimental data by Durham and Goetze (Plastic
flow of orientated single crystals of olivine. J. Geophys. Res. 82, 5737-5753, 1977),
at 1600°C in the stress range 0.2-0.5 Kbar. This corresponds to conditions at the
core/mantle interface of planets of approximate total radius 200-300 km. Outside this
range, the stress-strain relationshir depends upon formulae based v- he theoretical
analysis of creep mechanisms by Ashby and Verall (1977), which is fi.ced to the data
of Durham and Goetze and also to the data of other authors at lower temperatures and
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higher stresses. The exponent of o found by Durham and Goetze is actually higher than
the value used by me (3.6 ¢+ 0.3, versus 2.91). This is because my formula is based on

a curve I fitted to Ashby and Verall's extrapolation (in an attempt to embrace the
stress range 0.01-1 Kbar), rather than to Durham and Goetze's data. 1 am not really
qualified to critically evaluate Ashby and Verall's modeling, but note that if I went
with the experimental data inctead, the exponent in Equation (2) would be even higher
than it is, and the point this paper attempts to make would be even more compelling.

The experimental data only goes down ‘o a planetary radius of ~200 km, but even a mod-
est extrapolation of the experimental stress-strain relationship to smaller dimensions
suffices to exclude the possibility that the pallasites crystallized in planets as

large as their cocling rates indicate. The effects of rotation are interesting to con-
sider, Centrifugal acceleration would tend to offset gravity most beneath a planet's
equator, and there the pallasitic structure might be preserved in arbitrarily large

s planets if they were spinning fast enough (Z.e., at just less than the stability limit).
:{ The centrifugal acceleration would go to zero at the poles of the planet, though, and

§ there the pallasitic structure would be vulnerable. However, if Equation (2) is valid, '

the deformative stresses that would act in a nonrotating planet are excessive by such a
large factor (>108, as noted toward the end of the article) that it seems unlikely

‘ pallasites could be saved from collapse by rotation. First, if the centrifugal accel-
eration were less than gravitational acceleration by even as much as 10-8, even palla-
sites beneath the equator would be doomed. This leaves an extremely narrow window of

b rotation velocities that would do the job, since the planet would fiy apart if the

P centrifugal acceleration exceeded the gravitational acceleration by very much. Second,
even if rotation exactly offset gravity at the equator, one would only have to go to

1 latitudes >~1078 radians above and below the eguator to find the component of centri-

fugal acceleration no longer adequate to preserve the pallasites.
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MOST STONY METEORITES COME FROM THE ASTEROID BELT

EDWARD ANDERS

\ Enrico Fermi Institute and Department of Chemistry
¢ University of Chicago, Chicago, Illinois 60637

Y The place of origin of stony meteorites can be determined from Dy
’ their trapped solar-wind gases. "“Gas-rich" meteorites of all
classes have only 10-3-10-" the solar noble gas content and i '
<10‘ -10-" the surface exposure age of lunar soils. These dif- s

ferences suggest that the gas 1mp1antat1on took place between
1 and 8 AU from the Sun, in a region where the cratering rate

[ . was 102-103 times higher than at 1 AU. Both requirements are ©)

g : met by main belt asteroids, not by long- or short-period comets,

wol by Trojan asteroids, or by stray bodies in thinly populated

) . parts of the inner solar system. The observed prevalence of

s guS-rich meteorites (up to 100% among carbonaceous chondrites, .
R 2-33% among other classes) requires that the parent bodies be ;‘

large enough, and remain in the asteroid belt long enough, to

) develop a substantial regolith. These conditions are more
ad |} " readily met by asteroids than by comets. The young ages of
xenoliths in gas-rich meteorites (down to 1.4 AE) show that gas :
! implantation is an on-going process in the solar system, not a S
E relic from a hypothetical "early irradiation.”

L chondrites, in contrast to H chondrites, show pervasive evi-
dence of outgassing 500 Myr ago, accompanied by shock heating
to 950-1250°C for centuries or millennia. Apparently the L

chondrite parent body was not a comet, but an asteroid broken o
up at that time. Cy

L
—

0f 27 xenoliths (foreign inclusions) in meteorites, 20 are car- o
bonaceous (mainly C2) whereas 5 are ordinary chondrites or . '
related meteoritic types. Because xenoliths are a relatively :
unbiased sample of the asteroid belt, it seems likely that
ordinary chondrites and their kin comprise the second-most-
abundant type of material in the belt. Thus S asteroids may
have chondritic rather than stony-iron composition.

SOLAR GASES: CLUES TO THE ORIGIN OF METEORITES

The most direct evidence on the former location of meteorites comes from trapped solar
* wind (Anders, 1975). 1 shall present the argument from that paper in updated but greatly .
' abridged form, omitting various qualifications and supporting arguments. In addition, I oo
: shall review a few other lines of evidence bearing on the problem. :

Do Gas-Rich Meteorites Come from Regoliths?

i
e Almost every stony meteorite class has several "gas-rich" members that are brecciated l
\ and contain a characteristic noble-gas component, of solar isotopic and elemental composi- {
tion (Table 1). Wanke (1965 and earlier parers) was the first to suggest that this compo-
nent represents solar wind trapped by meteoritic dust in the regolith of the meteorite '
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Table 1. Prevalence of Gas-Rich Meteorites?

Class % Class %

C1 Chondrites 100
C2 Chondrites 6] LL Chondrites

C3V Chondrites 60 K Chondrites 25
C30 Chondrites 0 Howardites 33
H  Chondrites 12 Aubrites 33

L. Chondrites 2

3Mazor et al. (1970); Schultz et al. (1972),
Srinivasan and Anders (1977).

parent body. Because solar-wind ions have very low energies, they penetrate only a few
hundred Angstroms into the grain, and hence are trapped only by grains residing at the very
surface. A later impact cements these dust grains into a coherent rock, which is then
ejected from the parent body by still another impact. All stages of this process have been
observed in lunar samples, from fresh, unirradiated soils to welded, gas-rich breccias.

Detailed studies of meteoritic breccias have revealed many additional parallels to
lunar breccias: charged particle tracks, microcraters, anisotropically irradiated grains,
radiation damage, etc. (Wilkening, 1970; Barber et al., 1971; Macdougall et al., 1973, 1974;
Poupeau et al., 1974; Rajan, 1974; Maurette and Price, 1975; Price et al., 1976; Goswami
et al., 1976). The consensus that has emerged from this work is that gas-rich meteorites
formed in a regolith. Wetherill (1978) has contended, however, that only "a few" of the
gas-rich meteorites show "the full set of these regolith features,” the most clear-cut case
being the howardites. Actually, the above studies included aubrites, H chondrites, C1 chon-
drites, and C2 chondrites, in addition to howardites, and all showed the full set of rego-
lith features (except that no microcraters have yet been reported from aubrites). By
Occam's Razor, all are likely to have formed in a regolith.

Model for the Solar Gas Content of Meteorites

To a first approximation, the mean solar gas content G of soil from a given body de-
pends on two parameters: the solar wind flux, which is proportional to the inverse square
of the heliocentric distance a, and the mean surface residence time t. The latter is
approximately proportional to the inverse of the cratering rate R, which determi~es the rate
at which the topmost layer is blanketed by ejecta; both old soil and freshly crv ad rock
(Gault et al., 1974). Thus, using symbols o and « for the Moon and meteorite pa~2nt body,
we can write

SRR

Because we know the heliocentric distance of the Moon, at least to a first approximation,
we can use lunar soil as "ground truth” to determine the formation distance of gas-rich
meteorites.

The conditions under which Equation (1) is valid have been discussed by Anders (1975),
and will not be repeated here. The principal requirements are (1) that the bombarding
fluxes in both regions be "top-heavy" (i.e., the exponent y in the differential mass distri-
bution ¥ = 4m™Y must be less than 2) so that the dominant process will be crushing of fresh
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”; condition is met for all practical purposes. A quantitative statement of this condition is

:; average regolith, of mass range 0 to m:

rock rather than reworking of old dust, and (2) that the Moon and meteorite parent bodies
retain about the same fraction of ejecta. The first requirement is met for the Moon and
the asteroid belt, judging from the abundance of siderophile elements in lunar and meteor-
itic breccias (Anders, 1975). It is probably also met for comets, because both comets and
their debris (shower meteors) seem to have y < 2. The second requirement certainly is not
met by very small asteroids or comets, which lose most of their ejecta and hence cannot
develop a regolith. But even a 45 km asteroid should lose only 50% of its impact ejecta,
according to data by Gault et aZ. (1963), and loss of average soil should have no effect on
Equation (1). According to a detailed model by Housen (1976), asteroids of r = 100 km and
20 km can accumulate regoliths of ~100 m and ~10 m in 10? years.

A referee has questioned the approximate inverse proportionality of + and R in Equa-
tion (1), because blanketing* would involve mainly recycied grains on the Moon and mainly
fresh grains on an asteroid. In the first place, we are concerned primarily with the re-
lation between G and t, not R, and that relation is exact whether the blanheting is done by
a fresh or a recycled grain: the integrated gas content per unit time and area is the same
no matter how many grains share in the integrating.

Second, though the relation between ¢t and R does indeed require that the major part of
the ejecta be freshly crushed rock rather than recycled grains, it can be shown that this

that the integrated flux of crater-forming bodies of mass O to & {where ¥ = mass of largest
body to strike the planet) be large compared to the flux of bodies unable to penetrate the

Foz Lyl = [(W°-07%)/(n®-07%)] > 2 (2)

where ¢ is the exponent in the cumulative mass distribution. On the Moon, the mare regolith
is typically about 5 m thick, so m ~107 g. With ¥ = 10!? g, corresponding to a 10 km body,
and ¢ = -0.17 (corresponding to y = 1.83: Dohnanyi, 1971) we obtain F = 110, so the propor-
tionality is good to 1%. For a hypothetical asteroid wich a 100 m regolith, m = 1013 ¢ and
M = 1019 g, so F = 10.5 and the proportionality is good to 10%.

Actually the agreement is not quite as good, because the mass distribution steepens
below 109 or 10% a (Chapman, 1972), and the upper limit of integration is not well defined,
because the ejecta from the largest craters are not distributed globally, and so do not con-
tribute fully to the aquerage regolith (Ganapathy et al., 1970).** However, there is direct
evidence for the dominance of juvenile grains in lunar soil cores and especially meteoritic
breccias. Charged-particle track studies have shown that grains from a given layer differ
in exposure time by ~102-103, with the median exposure typically an order of magnitude be-
low the maximum (Poupeau et al., 1974; Price et al., 1975; Goswami et al., 1976, and many
references cited therein). And the amount of meteoritic material in lunar soils (1-1.5% in
mature soils; down to 0.09% in young soils; Kr3henbih! e al., 1973) is comparable to that
in gas-rich meteorites (1-4%, Laul et al., 1972; Chou et gl., 1976; Hertogen et al., 1978),
so that on both bodies, dilution by fresh rock keeps pace with addition of meteoritic mate-
rial. In any event, since the differences we sha1l try to explain amount to 2-3 orders of
magnitude, errors of even a factor of 2-3 are of no consequence.

* "Blanketing" is a more accurate term than the widely used misnomer "gardening," because
the mixing process is not a simple overturn but a "biased random walk," where many small
increments alternate with occasional large decrements {Laul et al., 1971).

**On the other hand, large craters contribute heavily to the total volume of the regolith,

which is relevant to some aspects of this problem, e.g., the abundance of gas-rich
meteorites.
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Formation Distance of Gas-Rich Meteorites

According to Equation (1), the gas content G should be proportional to surface expo-
sure age t and the inverse square of the heliocentric distance a (Figure 1). We can cali-
brate this relation by means of lunar soils (open symbols), which are knowm to have formed
at 1 AU, Because lunar soils lose Ne owing to temperature and saturation effects, it was
necessary to calculate corrected Ne values from the Xe content, using the Ne/Xe ratio.
(This correction has somewhat improved the correlation of ¢ and ¢, as shown by a comparison
of the large and small symbols). The “10 AU" line represents a-2 dependence of the solar

wind flux.

Fig. 1. Relation between solar-gas
content and surface exposure age as a

function of distance from the Sun 1 Lunor_Sails
(Anders, 1975). Cosmic-ray exposure 0o o~ 3 0 % conected A3
age of meteorites is only an upper o~ a a e uncorrected RAE
limit of the surface exposure age, and S
Ne20 content may be too low because of ~ Meteontes -
saturation effects; thus all meteor- ol e ;T?“““Nscmm”“
itic points should be shifted toward 2 Hownte «
the upper left. Regardless of class, ]
gas-rich meteorites have systematically
lower gas contents and exposure ages 3 > o L0
than do lunar soils, Their parent PR S
bodies must have been located in a =
region of lower solar wind flux G Vs
(1 < a < 8 AU) and higher cratering N ©
rate. Both characteristics point to “o IO', y ®
the asteroid belt. = &
2 e t
1y A
9
10 A
Py
N.o _‘Na ‘.‘ .
|06 .“." ot
S ST SO
Ql [ 10 100 1000

Cosmic ray exposare age (Myr)

The surface exposure age can be measured by different radiation effects, and generally
increases with the penetration depth of the radiation (Table 2). For our analysis, the
solar wind exposure age is relevant, but since it is not known for most meteorites, we shall
use the cosmogenic noble-gas exposure age as a substitute. Though these two gquantities are
by no means equivalent (they measure the residence time in the topmost few hundre. Angstroms
and topmost meter, respectively), there is evidence that they are proportional to each other.

However, for meteorites this proportionality is less strictly valid, because the cosmic-

ray exposure age also includes the transit time to Earth, when the meteorite was again bom-
barded by cosmic-rays. To minimize this effect, I have selected meteorites of short exposure
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Table 2. Different Types of Surface Exposure Age for Lunar Soils
and Gas-Rich Aubrites

Effective Age (yr)
Effect Depth b
(cm) Lunar Soils? Aubri tes
Solar Wind A10°6 106-107 1-100
Solar Flare Tracks 21073 106-107 103-10%
Galactic Cosmic-Ray Tracks 10 108 106
Cosmogenic Noble Gases 100 1-10 x 108 3 x 107

a1 (1975).
Bpoupeau et al. (1974).

age, but since the transit time is always finite, these ages must be regarded as upper lim-
its of the surface exposure age, which we are after. Arrows are inserted to remind us of
this fact. In two cases where the transit time was independently determined from the A126
content (Nogoya, Pantar), the surface exposure age seemed to be on the order of 105 years
{Anders, 1975). Different samples of the same meteorite are connected by solid lines.

The Ne20 contents also may be somewhat too low, owing to diffusion losses. The correc-
tion should be much smaller than for lunar soils, because gas-rich grains in meteorites
generally lack the radiation-damaged, amorphous surface layers, which are very leaky and
are responsible for most of the gas loss from lunar soils {Ducati et al., 1973; Poupeau
et al., 1974). Precise corrections cannot be estimated from the Ne/Xe ratio, owing to the
presence of planetary Xe, but it seems likely that the correction factors are smaller than
5x or perhaps even 2x. Vertical arrows indicate the direction of the correction.

Gas Content and Surface Exposure Age. In spite of these uncertainties, Figure 1 re-
veals two stark and simple facts: meteorites have shorter exposure ages and lower gas
contents than do lunar soils, by 1-3 and 3-5 orders of magnitude, respectively. Errors in
these quantities cannot account for this difference. Exposure ages for meteorites are
upper limits because they include the transit time, but any correction for this effect can
only en.irge the difference. Ne® contents are lower limits, but are unlikely to be in
error by more than a factor of 5. Moreuver, Price et al. (1975) have shown that this un-
certainty can be circumvented by using solar-flare track density rather than Ne20 content
as an integrator of solar corpuscular radiation (Figure 2). Here the total radiation dose
is given by the product fomax, where f = fraction of track-rich grains and opgx = maximum
track density at the edge of the grain. Two of the most gas-rich, non-primitive meteorites
(the howardite Kapoeta and the H chondrite Fayetteville) fall two orders of magnitude below
the most heavily irradiated lunar soils, whereas five carbonaceous chondrites fall 3-6 orders
of magnitude below.

Taken at face value, the meteorite data suggest a formation distance less than 10 AU,
in some cases appreciably less: <2.6 AU for the C2 chondrite Cold Bokkeveld, <1.2 AU for
the howardite Kajoeta, and <3.7 AU for the H chondrite Fayetteville. The asteroid beit
would seem to be the most likely source.
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Fig. 2. Product of solar-flare track

density opax and fraction of track-rich 12
grains f, a more saturation-proof indi- T T 1 1 i
cator of surface exposure {Price et al.,

1975), correlates with cosmic-ray expo-
sure age in much the same way as Ne®
does in Figure 1. Carbonaceous chon-
drites {circles) again have lower track

W -

densities and ages than do lumar soils 10} p) >
(crescents), which suggests formation at & K F
a greater distance from the Sun, in a 'E
region of higher cratering rate. Differ- S 9 -
ence is less marked for howardite Kapoeta ~. 1AU
(K) and H chondrite Fayetteville (F). ]
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Cosmic Ray Exposure Age (My)

Cratering Rate. These data contain still another, more decisive clue pointing to the
asteroid telt: the low gas contents and short cosmic-ray exposure ages of meteorites com-
pared to lunar soils. Apparently meteorites come from a region where the cratering rate is
much higher than at 1 AU, so that material stays at the surface for a much shorter time
before re-burial. The asteroid belt, with its high flux of rubble, again is the obvious
candidate. Indeed, quantitative consideration of cratering rates (Anders, 1975) leads to
predicted Ne2® contents that agree rather well with observed values (Table 3).

The data in Figures 1 and 2 thus show pervasive, fundamental differences between me-
teorites and lunar soils: meteorites have consic*antly smaller gas contents, track den-

sities, and exposure ages than do lunar soils. The differences anount to factors of 10-°-10¢,
much larger than the approximations and simplifications involved in Equation (1). Wetherill

(1978) maintains that these differences cannot be conclusively interpreted in terms of dis-
tance, surface exposure age, and cratering rate until a "detailed understanding of the
probable nature of an asteroidal regolith” has been attained. It is not clear, however,
what physical parameters other than a, t, and & are capable of accounting for factors of
102-108, and hence how a more detailed understanding can drastically alter the first-order
picture presented here.
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Table 3. Predicted Ne2® Contents of Lunar and Asteroidal Regoliths
Moon Asteroid (r = 100 km)
Heliocentric Distance, AU 1.00 2.5
Cratering Rate, cm/yr 8 x 10°8 7.3 x 10-5
Ne20 Flux, cc STP cm-2yr-! 2 x10°8 3.2 x 1079
Predicted Ne29, cc STP/g 8 x 1072 1.2 x 10°5
Observed Ne20, cc STP/g 5.6 x 1072 2.9 x 1078
(Lunar soils) (H chondrites)

Depth of Asteroidal Regoliths

There has been some controversy over the thickness of asteroidal regoliths; in par-
ticular, whether asteroids can develop thick enough regoliths to account for the great
abundance of gas-rich meteorites (Table 1). Let us approach this problem empirically, and
see what the meteorites tell us about the regoliths of their parent bodies.

Wanke (1966) has made the important observation that gas-rich H chondrites show essen-
tially the same cosmic-ray age distribution as do all H chondrites, and are present not only
in the continuum but also in major peaks such as those at 5 Myr and 22 Myr (Figure 3). This
shows that a gas-laden regolith must extend to sufficient depth to assert itself even in the
larger and deeper impacts.

-

“GAN RICH™ METEORITES.

P Wi SOLAR GASES
3
~
.
Z»
g » M (MONDRITES
LS
w &
gol®
H »
o oxe
g
‘:Sl‘i
N
x 5%
S e
<

[}
LS
£,
=]
E

°

a a2 G 0 BV » @w W o ] "’['Nf]mﬂ'em’
1) ) 1 [ 0 0 QD ®0 ®

COSMIL-RAY EXFOSURE AGE MYR

Fig. 3. Cosmic-ray exposure ages of gas-rich H chondrites (top) peak at
the same values (5 and 22 Myr) as the ages of all H chondrites, and the
proportion of gas-rich meteorites in the continuum 1s comparable to that
in the peaks. Evidently large and small impacts eject about the same
proportion of gas-rich meteorites, which suggests that solar-wind irradi-
ated regolith material comprises a roughly constant fraction of the outer
layers, down to at least the depth of the largest crater, 0.5-1.2 km.
(From Wanke, 1966).
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Let us roughly estimate a minimum depth for the largest event in Figure 1, the 5 Myr
peak. Some 47% of all dated H chondrites are in this peak, and since H chondrites com-
prise 37% of all chordrite falls, the 5 Myr peak contributes some 17% of the annual influx
of chondrites, ~10% g/yr (Wetherili, 1977). 1f the dynamical mean 1ife against planetary
capture is 30 Myr, and one-third of these meteorites eventually fall on Earth, then the
total reservoir of H chondrites from the 5 Myr impact is 1.7 x 10!5 g.

This value includes only material in the meteoritic mass range (102 g - 2 x 10¢ g},
and we must therefore integrate the mass distribution to larger masses--say 2 x 1017 g,
corresponding to a diameter of about 100 m. If we do this for two extreme choices of the

population index 8 in the cumulative size distribution, 2.5 and 3.6, we obtain 2.2 x 1016 g
and 2.0 x 1015 g for the total mass.

From these values, we can find the size of the crater. With the Short and Forman (1972)
relation for the volume of the crater, and a depth/diameter {#/D) ratio of 0.35, we obtain
D=3.3and 1.7 kmand 2 = 1.2 and 0.53 km. According to Figure 1, the fraction of gas-rich
meteorites in the 5 Myr peak is 10/72 = 0.14, so if this figure is representative, then the
regolith thickness would have to be 160 m or 70 m for the two cases.

Actually, the true thickness must be much greater. Wanke (private communication, 1967)
has pointed out that each of the larger peaks in the radiation age spectrum (Figure 3) con-
tains chondrites of all petrologic types, from H3 to H6. It does not seem plausible that
al? these types originated in a shallow zone of ~] km depth. The peak metamorphic tempera-
tures of H3 and H6 chondrites differed by at least 300°C {<600°C vs. 950 * 100°C; Wood, 1967;
Onuma et al., 1972), and it seems very difficult to establish such a steep temperature gra-

dient over a distance of less than 1 km, let alone maintain it over the ~10 yr duration of
metamorphism.

The obvious answer is ihat the H chondrite parent body has been extensively mixed by
earlier, larger impacts, so that meteorites of all petrologic types, as well as regolith
material, are closely juxtaposed and are ejected together even by small-scale impacts. Tae
original stratigraphy may have resembled that of the L -hondrite parent body (Figure 4), as
reconstructed from the observed frequency of petrolcgic types. (There is evidence that the
L chondrite parent body was completely shattered in a collision about 500 Myr ago (Anders,
1964; Heymann, 1967; see also section entitled “"Outgassing of the L Chendrite Parent Body"),
and so the L chondrites falling on Earth mzy be a re'atively unbiased sample of this body.)

If so, then mixing ard br .c.ation must have penetrated at least 0.12 r into the H chondrite
parent body, to expose the H6 layer.

Fig. 4. Cross section of L chondrite 3
parent body, showing volume fraction
occupied by each petrologic type.

Because L chondrite pareat body seems \\\
to have compietely broken up about \
500 Myr ago, volume fraction of each [ \
petrologic type should be proportional ;

to its observed freguency. j 2

L- Chondnite Farert Sody
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Apparently, the H chondrite parent body *thus has a substantial "megaregolith®
(Hartmann, 1975). A rough idea of its average depth may be obtained from the abundance of
solar Ne20 in meteorites. The mean solar Ne?? content of 34 gas-rich H chondrites (Schultz
and Kruse, 1977) is 2.9 x 10~ cc STP/g. With a solar Ne20 flux of 2 2 x 10-2 cc cm-2yr-!
at 2.5 AU, a 14 km layer of such materiai could be produced in 4.6 +«f. Three observations
suggest that this material actually is unevenly mixed through a larye volume of the body:
the wide variation in solar Ne2? content among gas-rich H chondrites (~103x), the coexis-
tence of H3 to H6 material in a single gas-rich meteorite, and the simultaneous ejection
of H3 to H6 material in small cratering events. In the light of these observations, it
seems unlikely that the original accretional stratigraphy has been preserved in meteorite
parent bcdies.

These observations (as distinct from inferences) also seem hard to reconcile with the
frequent assertion that asteroids can only have thin regoliths. The observations are well-
documented, and so perhaps the fault lies with the models that predict thin regoliths on
asteroids.

ASTERQOIDS OR SHORT-PERIOD COMETS?

Granted that the gas implantation took place in the asteroid belt, was the meteoritic
substrate itself asteroidal or cometary? Short-period comets traverse the asteroid belt in
the final phase of their history, and could conceivably develop a gas-rich regol.th during
that period. There are four lines of evidence bearing on this question.

Chemical Composition

Comets appear to have carbonaceous chondrite composition, judging from metec -pectra
(Millman, 1972) and from the abundance pattern of the micrometeorite component in .unar
soils (Ganapathy et al., 1970). Thus they could indeed serve as a source of gas-rich car-
bonaceous chondrites. It seems unlikely, however, that they could also furnish the less
primitive types of gas-rich meteorites: howardites, aubrites, or ordinary chondrites. All
these classes have had a prolonged, high-temperature history under dry condiiions, which is
hard to reconcile with the volatile-rich composition of comets. Other arguments against a
cometary origin have been given by Anders (1971).

Prevalence of Gas-Rich Meteorites

One important constraint is the common occurrence of gas-rich meteorites in nearly all
classes of stony meteorites (Table 1). The only exceptions are eight rare classes, with a
total of 49 members: E chondrites, C30 chondrites, diogenites, ureilites, nakhlites,
angrites, and chassignites.

Thus a fairly large fraction of the source volume of meteorites must have been trans-
formed into a gas-laden regolith. Comets are doubly disadvantaged relative to asteroids
in this respect: typically, they are 1-2 orders of magnitude smaller and spend J orders of
magnitude less time in the asteroid belt. A calculation analogous to that in Table 3 shows
that a 30 km comet would develop a regoiith of only 4 m trickness in 107 yr. corresponding
to 4 ~ 10-* the mass of the body. This is clearly insufficient to explain the high abun-
dance of gas-rich meteorites. Moreover, since much of this material was near the comet's
surface for 4.5 AE, it would show a high cosmic-ray exposure a,', contrary to observation
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Early Irradiation

The preceding objections against a cometary origin of chondrites at least cculd be
dismissed if cometary matter had acquired its solar gases in a hypothetical "early ir idi-

ation" in interplanetary snace, rather than on a regolith. But there are numerous ob_:ec-
tions against this idea.

Owing to the low cnergy of solar wind ions, the gas must be removed to a residual
density of <10% mclecules/cm3, some 9 orders of magnitude ln-< than the initial density ir
the solar nebula. It is not obvious how the gas can be removed without carrying the dust
along. Also, on this hypothesis, accretion of comets and ejec.ion to the Qort belt still

have to take place after irradiation, yet the gas which both processes require is already
gone.

Moreover, there exist C2 chondrites without solar gases. and others with gas-rich and
gas-poor poriions of otherwise identical mineralogy (Nogoya, Murray, Mokoia, etc.).
Wetherill (1978), who considers an early irradiation ‘o be a viable proposition, has rot
explained how tnese ¢ ;-poor materials are to be protected against the early irradiation,
now they are to be marcd with irradiated macerial only of the same mineralog,, and how the
correlation in tigures 1 and 2 is to be accounted for.

Most important, the compactior ages of cas-rich meteorites are consistently s.orter
than 4.55 AE, e.g., 4.2C to 4.42 AE fur carbonaceous chondrites (Macdougall and Price, 1974;
Macdougall and Kothari, 1976}, <1.4 AE for ordinary chondrites (Schultz and Signer, 1977).
and <3.6 AE for the howardite Kapoeta (Dymek et 1l.., 1976). Thus, yas-rich meteorites must
have been made by processes that still operated in t'2> solar system 1.4 AE ago, not by that
du-able chimera, the "early irradiation.”

Qutgaseing of the L Chondrite Parent Boldy

A reculiar trait of L chondrites is the preponderance of short K-Ar and U-He aqes,
which are discordant between 1 and 4 AE but become concordant at 0.5 AE (Fiqure 5). Tnese
short ages correlate with shock and reheating symptoms, and the obvious explination there-
fare is that the L chondrite parent body broke up 0.5 AE ago (Anders, 1964; Hey.ann, 1967,
Taylor and Heymann, 1969, 1971; Turner and Cadogan, 1973: Bugard ¢t al.. 1976). The high
proportion of strongly heated metcorites (950-1250°'C: Wood, 1967, Smith and Goldstein,
1977) implies a high input of kinetic energy per unit mass, and hence a hich projectile/
target mass ratio. The slow coolina rates of many of the heated meteorites (0.01-1 degree/
year) suggest that the primary fragments were of kilometer dimensions.

At least two-thirds of the known ! chondrites bear the signature of this 500 Myr re-
heating event, and hencz must have been contained in one or at most two bodies at that time.
This is eacv to reconc:le «with an asteroidal but not with a cometary origir, because comets
surely did not originate in a sinale collision, nor were they heated to -1000° for centuries
or millennia afterwards.

Wanke (1966) and Wetheril® {1978) have questioned this interpretation. In their view.
the gas 'oss occurred cduring the final collisiun that ejected the decimeter-sized meteorite
from itc narent body, and corresponds tc the onset of cosm'(-ray exposure. The radiogenic
"age” of 500 Myr then does not represent a true age, but merely the fortuitous retention of
some 6 of the He“ and 3 of the Ar“C,

—

e

;_. __—=""" This hypothesis does not explain why short gas-retention aces are ™uch more common

among L than among H chondrites (Figure 5) and why they occur acress the full range of
cosmic-ray ages (Figure 6). If the gas loss took place only during the impact correspond-
ing to the cosmic-ray age, why are “‘hese impacts always more severe on the L chondrite
parent body? Studies at lunar and terrestrial craters show that the major nart of the
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Fig. 6. Regardless of cos~.c roy age, short U-He ages are common among
L chondrites but rare among H chondrites. Many of these meteorites also
were shock-heated to 950-1250°C and cooled at rates of 0.01-1°/yr, corre-
sponding to burial depths of up to 1 km or more. Consequently, the gas
toss and reheating cannot have been caused by the impact triggering the
cosm;c-ray exposure era, but by an earlier, larger event. (From Wanke,
1966).
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ejecta is only lightly shocked, and does not have its gas-retention ages reset. Wholesale
gas loss, as for the L chondrites (Figures 5 and 6) is very much the exception, and needs

to be explained by some exceptional event, such as the collision of two bodies of compa-
rable size.

Moreover, metallographic studies show that many shocked L chondrites cooled at rates
of 1 to 0.01 deg/yr, corresponding to burial depths of a kilometer or more. But the impact
that started the cosmic-ray exposure by definition must have reduced the meteorite to less
than a meter in size, and so cannot be responsible for the hecating at 1000 m depth.

METEORITES AND ASTEROIDS

Mingralogy and Accretion Temperature

Evidently, gas-rich meteorites formed as recently as 1.4 AE ago, in a region 1-8 AU
from the Sun where the cratering rate was 102-103 times higher than a'. 1 AU. These charac-
teristics point uniquely to the asteroid belt. Moreover, asteroid mineralogy, as inferred
from spectral reflectivity data, matches chondrite mineralogy to first order. Asteroids,
1ike chondrites, divide into a carbonaceous and a siliceous class, arnd since the traisition
from siliceous to carbonaceous mineraiogy occurs at a nebular condensction temperature of
400°k (Larimer and Anders, 1967; Anders, 1972), it appears that chondrites and asteoroids
both condensed in the regiom traversed by the 400°K isotherm.

Wetherill (1978) has criticized the condensation theory because it fails to explain
why spectrally different asteroids occur at the same heliocentric distance. In the first
place, the correlation of mineralogy with distance is not bad, considering that tempera-
tures fell not only with distance but also with time (by some 50-100°; Anders, 1972;

Alaerts et al., 1977). Asteroids formed at large distances, where even the initial temper-
atures were below 400°K, would be carbonaceous througnout; those at small distances, where
even final temperatures were above 400°K, would be siliceous throughout; and those at inter-
mediate distances would have siliceous cores and carbonaceous mantles. Breakup of such
hybrids wouid give a mix of C and S objects at the same distance.

Second, there is reason to believe that asteroid orbits have been scrambled since
their formation. Whipple et al. (1972) have shown that the high inclination of 2 Pallas
cannot have persisted throughout the accreticn stage, but must be a post-accretional fea-
ture caused by an unknown perturbation process. This is also true of other asteroids of
high £ and/or e. Thus the imperfect correlation between composition and semimajor axis is
a problem in dynamics, not cosmochemistry. No matter how this problem is ultimately re-
solved, the fact remains that both meteorites and asteroids show the distinctive charge in
mineralogy expected at 400°K. Hence both must have formed in a reqion oi space traversed
by the 400°K isotherm.

Xenoliths

A1l of the objects proposed as meteorite parent bodies--asteroids, comets, Apollos--
have orbits that cross at least part of the asteroid belt for at least part of their his-
tory. During that time they sweep up a random sample of asteroidal debris, and cement some
of it into impact breccias. Meteorites eventually carry this debris to Earth in the form
of xenoliths (= foreign inclusions). In this manner, meteorites act as a "poor man's
cpace probe," samplin_ bodies whose orbits do not allow their debris to reach the tarth
directly. (ihere may be some discrimination against bodies of high encounter velocities,
but tris)wi?‘ gradually lessen at least for the fine debris, as its orbits become circu-
larized.
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Fig. 7. Xenoliths (foreign inclusions) in
L meteorites provide a relatively unbiased
C CIXEgouLHSL A sample of material in the asteroid belt.
1 Carbonaceous chondrites, especially C2s,
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- Such xenoliths have been studied extensively by several workers, mainly Wilkening and

=] Fodor and Keil (Wilkening, 1¢./3, 1977; Wilkening and Clayton, 1974; Fodor and Keil, 1973,

. 1976). Their results, augmented by some recent work from Chicago (Leitch and Grossman,

-5 1977; Hertogen et al., 1978) is shown in Figure 7.

J A1l together, 27 xenoliths have been found thus far, within host meteorites represent-
: ’ ing eight meteorite classes. Of the 27 xenoliths, 20 are carbonaceous, five are ordinary
-1} chondrites in an extended sense (having the same mineralogy but different proportions of
irj Fe0 and total Fe), and two are aubrites.

Obviousiy, these data are of great potential value in characterizing the population
of the (inner?) asteroid belt, though at present they are severely limited by statistics
and by observational selection. The following tentative conclusions may be drawn from
Figure 7 and other evidence.

(1) The ratio of carbonaceous to other chondrites is about 4:1. This happens to
match the ratio near the center of the asteroid belt (Zellner, 1978), but the true ratio
must be lower because carbonaceous xenoliths are favored by observational selection.

(2) Most of the carbonaceous xenoliths (13 out of 20) resembie known classes, and
only a few of the remaining seven are actually new; others merely are insufficiently char-
acterized. Among the identified carbonaceous xenoliths, C2 chondrites greatly predominate,
as shown by detailed petrographic studies (Wilkening, 1973, 1978; Bunch, 1975).

The statistical significance of this result is strengthened by noble-gas and chemical
analyses of howardites, which provide a compreliensive average of the foreign component in
these meteorites regardless of particle size (Mazor and Anders, 1967; Laul et al., 1972;
Chou et al., 1976; Hertogen et al., 1978). The foreign component characterized by this
comprehensive method closely matches C2 chondrites (Figure 8), and thus proves that material
indistinguishable from C2 chondrites dominates in the region of the howardite parent body.
Because it is generally conceded that this body is located in the asteroid belt, it follows
that C2 chondrites are very abundant in at least one part of the astcroid belt. The spec-
trophotometric identificatinns of C2-like material by McCord and his students (McCord, 1978
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Fig. 8. Gas-rich portions of howardites
contain a foreign component, representing
mixed interplanetary debris picked up during
their regolith history. Abundance patterns
o7 this component in Jodzie and Kapoeta show
some resemblance to 2 chondrites, suggesting
that C2 chonarites are the most abundant type
of material in the region »f the howardite
parent body. (From Hertogen ¢t aZ., 1978).
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and references cited therein) thus are strongly supported by tangible samples (Figure 8),
and hence hardly need to be prefaced by cautious disclaimers.

(3) "Ordinary chondrites" in the broadest sense cc arise the second most abundant

group. But only one of “ive such xenoliths, en H chondr actually corresoands to a
known class. Thus the ordinary chondrites are not rare i, derived from 1-3 vet-to-be-
discovered asteroids of the right reflectance spectrum. ., , are samples of a rather abun-

dant type of material, of metal content -<20°., which is common enough in the asteroid belt
to have contributed five out of 27 xenoliths.

Nature of S Astercids

[t is suggestive that the second most abundant aroup of venoliths matches the second
most abundant class of asteroids, the S asteroids, in gross mineralogy. Both consist
mainly of ultramafic silicates and metal. According to some interpretations, however, the
S asteroids are much richer in metal (~50 vs. <20 ), and thus resemble either stony irons
(mesosiderites, pallasites) or coarser-scale (>1 cm) mixtures of silicates and metal, rather
than chondrites (McCord and Gaffey, 1974; Chapman, 1976, 1977). This interpretation raises
three questions:
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1. Why is the second mest abundant asteroid class not represented
among xenoliths?
2. MWhy are its meteoritic equivalents so rare among known falls
(11 stony irons, or 46 irons and 67 achondrites* among 854 falls)?
3.

Why is there no asteroidal equivalent of the most populous class
of meteorites, and of the Apollo-Amor objects that resemble them?

The first question has no ready answer. The greater crushing strength of stony irons

would cause some underrepresentation, but this is offset by the inconspicuousness of ordin-
ary chondrite xenoliths in ordinary chondrite hosts.

To answer the second question, one might postulate dynamical barriers that prevent the
great majority of S asteroids from dispatching fragments to Earth.

since S asteroids are the second most abundant clasc of asteroids, and are fairly evenly
spread through the inner half of the belt, they should contribute their share of meteorites
and Apollo-Amor objects leaving the belt through various escape hatches. Though their pre-
sumably greater crushing strength might cause them to be underrepresented relative to C
asteroids, their concentration in the inner half of the belt, where most of the escape
hatches are, would offset this factor. lron metesrites have still higher crushing strengths
and yet about 12 classes of irons (of very diverse chemistry, cooling rate, and hence nebu-
lar place or origin (Kelly and Larimer, 1977; Scott and Wasson, 1975)) do get out in copious
numbers, although (metallic) M Asteroids are much rarer than S asteroids. And so do various
kinds of achondrites, though their asteroidal counterparts are either unobserved, or, in the
case of Vesta, unfavorably situated for transmission of meteorites to Earth. Since these
rare types are able to assert themselves, and reach tarth in significant numbers, it is not

clear how the far more abundant S asteroids are to be prevented from dispatching their frag-
ments to Earth.

Thus we are left with two possibilities. Either the S asteroids are stony irons, in
which case we must explain why they are outnumbered in the world's meteorite collections by
the meteoritic equivalents of much rarer or unobserved asteroid types. Or they are ordi-
nary chondrites, in which case we must explain why the spectral reflectivity data tell us
otherwise. A possible reason is oreferential erosion of brittle silicate particles, leav-
ing the surface enriched in metal. I, at least, find it easier to believe that the spec-
tral reflectivity data mislead us than to accept the alternative: that the most abundant

meteorite class has no asteroidal equivalent, and the second most abundant asteroid class
has no xenolithic and only rare meteoritic equivalents.
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DISCUSSION

ARNOLD: The lunar exposure has been comparatively recent, I mean in the last couple of
billion years. The exposures that produce these rare gases were older, presumably, and
does one not assume that such conditions as the ratio of the age indicating flux to the
solar wind flux corstant? Certainly the lunar evidence, and common sense also, suggests .
if we were going back a long time, the cratering rate was considerably higher back at .
the beginning than at any later point.

ANDERS: Some of these meteorites contain xenoliths and clasts that have been separately '
dated and some of them are as yourg as 1.4 billion years. This means the compaction of '
these rochs happened still more recently and therefor: the implantation of these noble
gases did not occur at the dawn of the sc ar system but in recent times, overlapping
the formation time of the lunar breccias.

VEVERKA: Are these argon loss ages?

ANDERS: For Kapoeta they are rubidium-strontium ages, for some of the others they are ;
potassium-argon ages. .

WETHERILL: I think it is important that you recognize you are talking about encirely dif- i
ferent objects here. Kapoeta is a howardite which has all the characteristics of the
lunar regolith. On the other hand, ordirary chondrites and carbonaceous chondrites
have a very limited regolithic history, and so are not as similar as Kapoeta to the
Moon. [ think there are problems which are obscured by lumping all these meteorites
together.

ANDERS: I am afraid you are entirely mistaken. OQOrdinary chondrites and carbonaceous chon-
drites do have essentially "all the characteristics of the lunar regoiith": microcraters.
solar flare tracks. anisotropically irradiated grains, steeo track gradients, solar wind

gases, etc.--see the paper by Goswami et al. (1976) and eignt other references cited in i \
my paper. They lack the glassy agglutinates one finds in lunar breccias and in Kapoeta, )
for the simple reason that they don't contain enough feldspar tc make qlass--look at any '
meteorite collection and you'll see that only the feldspar-rich achondrites (like

Kapoeta) have shiny, glassy fusion crusts. Ordinary and carbonaceous chondrites have
dull, non-glassy crusts, because their principal minerals, vlivine and pyroxene, do not
readily form glasses.
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CHAPMAN: Cculd you define how the solar wind is being implanted in this top surface layer
comparel to the meter depth of exposure to cosmic rays? What are the physical require-
ments chat you have for getting implanted gas? Is mixing required?

ANDERS: ror solar wind implantation, the grain must be at the very top, with essentially
nothing between it and the Sun. As shown by Poupeau et al. (1974) in their study of
aubrites, meteoritic grains spend much less time at the surface than do lunar grains,
i.e., 1-100 years versus 106 years. Thus they generally do not develop the amorphous
surface layer that is very leaky for light noble gases and prevents lunar grains from
building up their full complement of He and Ne relative to Xe. To account for these
short ages, some mixing or blanketing process is required. Poupeau et agl. have shown
for aubrites that the solar flare track densities imply a residence time of 103-10* yrs
in the top 10 um, compared to 10%-107 yrs for lunar grains, Most grains do not show
evidence for multiple exposure. and so the process is best described as "blanketing"
or "burial," rather than "mixing."

ZELLNER: There are on the order of one hundred S asteroids with diameters larger than 50 km.

We have detailed spectra for a little less than half of them. So you cannot exclude
that among the S asteroids which have not been studied by more diagnostic techniques
there could be ordinary chondritic bodies. And we don't need a lot of them, correct?

ARNOLD: Wetherill's argument is that there are special dynamic means to bring these things
to the Earth. If that is true, then it is not the whole collection that is contributing
ir. some proportional way, but three or four objects. There is other evidence concerning
bunching of bombardment ages and things of that kino which strengthen those arguments
very much, it seems to me. And so it may very well be that most ordinary chondrites are
coming from a very limited number of parent bouies which allows, as far as [ am con-
cerned, Zellner's point to stand. It may turn out that they are undiscovered.

ANDERS: I agree that the parent bodies of the ordinary chondrites may be just a small
subgroup of the S asteroids. But if my arguments are valid, then the majority of the
other S asteroids are chondritic with no more than 20" metal.

WETHERILL: With regard to the S asteroids, I don't see why they have to be a mesosiderite
of the same sort we have in the Taboratory. They could very well be differentiated
objects which have mixtures of iron and basaltic materials on the surface, which on a
different scale would be a mesosiderite, but they could be in our collections as basal-
tic achondrites and as iron meteorites.

ANDERS: If that is true, then there shouid be many basaltic clasts among the xenoliths,
and yet not one has been found. According to Figure 7 of my paper, the known meteorite
classes comprise some 10 space probes that traverse at least part of the asteroid belt
and collect a more or less unbiased sample. Among the first 27 such samples collected,
we have found no howardites, nc eucrites, and no mesosiderites. [ would argue that
anything we don't see probably is rare, though this conclusion is limited both by sta-
tistics and by observational selection. For example, olivine xenoliths would have been
largely overlooked.

75

X, | CuRp ") """ﬂm"—'l""'“‘ hash IR o ’ ’ ' o ““T"’"“ﬂ“‘j:' i
P <+ - . —— —_— P PR e - . - — - —— - D — -

1

§ Payerewns

. o " ' ' : .
T Y S e Vs At s « 4 ¢ e ke b ool et ewd abul sef ar | i

g,

13



f
|
r
|
b

e
rulistiel %

"
o
!
-

)
{

r
)
3
. .t me 68~

e | e—b s ¢ ——

-

. e - {
]
Y
=
- o0 o B e PR :.w
V] m
™~
.
™~
™~
-
3
~
. (7
=] a
= S
= prit
B %
[ <C
o
=, S
S 7
B = 3
Z [}
. =z £
2 25
— >
£ o 5
g @ 2
o (@]
&) 8
m w
<C
a8 i
=]
O =
) %
As w
—— SRR SRRy
= T E— P s



e dtl® e e e —p—— —F b

" .

| -
-

i s

S e e o e g g - e s em -

e e e E—— = m—tt — ——— e = = -

i

! AR | '
; .4 . L .% P
! oo

e

>

AR N
R ST
bl M’_M‘m 1 N U .y Gl i'.ﬂd’m*ﬂff”

- N78-29012

¥
?
A

PRECEDING PAGE BLANK NOT FILMED

PHYSICAL OBSERVATIONS AND TAXONOMY OF ASTERO1DS

DAVID MORRISON

NASA Headquarter:
Washington, DC 20546

Since 1970 the physical study of asteroids has been dramat-
ically extended by wide application of four types of observa-
tions: spectrophotometry from 0.3 to 1.1 um; broad-band UBV
photometry; visible photopolarimetry; and broad-band thermal
radiometry. More than a quarter of the numbered asteroids
have been studied with these techniques, and for most of them
the data are adequate to determine approximate size and al-
bedo and to provide a rough classification related to mineral- [
ogical composition. The specific CSM taxonomic system of

Chapman et aql. (1975) and Bowell et al. (1978) is described
and used to organize these new data. The CSM taxonomy is also
compared with more compositionally specific taxonomies, and
some future directions for both observation and classification
are indicated.

Y )
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INTRODUCTION

During the relatively brier span of years from the Tucson Asteroid Conterence
(Gehrels, 1971) to the present, there has been explosive growth in observational data on
asteroids. During the first half of the 20th century and well into the 1960's, asteroid
science had been limited almost entirely to searches for new objects and esta.. @ .hment of
photographic magnitudes and accurate orbital elements for the fewer than 2000 asteroids
that were nared and numbered. During the 1960's, the first major effurts to accumulate
more physical data (photoelectric magnitudes and lightcurves, with some colorimetric and
polarimetric work) were undertaken, oritarilv by G. P. Kuiper and T. Gehrels at the Univer-
sity of Arizona. Only a few dozen of the brighter objects were studied, however, and the
interpretation of the observations was quite lirited. The major watershed appears now to
have been in about 1970, when C. R. Chapman, 1. B. McCord, and their collaborators began a
systematic program to obtain spectrophotometry of a large number of asteroids and, perhaps
more 1mportant, to interpret their observations in terms of composition and mineralogy.
Thus for the firc% time it became passible empirically to test speculations concerning the
relationships between distant asteroids and the meteorite samples under intensive study in
terrestrial laboratories.

The first interpretation of astero‘d spectrophotometry was presented by McCord, Adams,
and Johnson (1970), who showed that the eflectivity of Vesta was matched extremely well by
that of the rare bcsaltic achondrites. Shortly thereafter, Chapman, McCord, and Johnson
(1973) published reflectivity curves for 23 asteroids and demonstrated the existence of a
wide variety of mineralogical types, and about the same time empirical interpretations of
these data based on comparisons with meteorite spectra were suggested by Chapman and
Salisbury (1973) and Johnson and Fanale (1973}, 4

- b e

At the same time that spectrophctometry was emerging as a major diagnostic tool, other
new techniques for physical observationc of asteroids also were applied. During the 1960's
an empirical relation between the shape of the polarization-phase curve and the albedo of a
particulate {dusty) surface was recognized, but it was not until a series of papers published
beginning in 1971 that J. Veverka applied this relation to derive albedos and diameters of
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four years:
and infrared radiometry
oids.
had such wide application.
dozen (Johnson et al.
Leake, Gradie and MOFFISOH, 1972);
Eros {Larcon and Fink,

asteroids. At the same time D. Allen first used measurements of thermal infrared radiation
(which, unlike reflected light, is greater for a dark asteroid than for a light one) to
derive what he called an "infrared diameter" for Vesta, and this work was soon extended to
about a dozen asteroids by C. Matson, At the time of the 1971 Tucson confe.ence these new
methods for determining sizes and albedos were still suspect to many workers, but within
another two years they had clearly demonstrated their value and were being widely applied.
An important early result was the discovery by Matson (1971) that at least one asteroid--
324 Bamperga--had an albedo about a factor of two lower than that for any previously known

object in the sotar system. Subsequent studies have shown that most asteroids are in fact
members of this low-albedo class.

By 1974 the three techniques of spectrophotometry, polarimetry, and infrared -adiom-
etry, as well as revitalized programs of UBV photometry, had been applied to abcut 100
asteroids. A first attenpt to utilize these data collectively to characterize the main

belt asteroid population, including the definition of broad classificatiors based on nhys-
icai rather than dynamical nrgpertios, was put and Zellner

blished by Chapman, Morriscn,
{1975). This paper has been widely quoted and can be taken to represent a significant
penchmark in the rapid recent development of asteroid science. I will use it as the point
of departure for the present paper, which is limited primarily to results obtained since
1974.

As of the date of chis meeting, physical observations have been made for nearly 600
as@eroids-~more than a quarter of the named and numbered minor planets. [ will discuss

briefly the nature of these observations and will then describe severai classification
schemes that have been used to organize this sudden wealth ov data  For the most part, I
will be summarizing the original work of Bender et aZ. (1978) and Bowell cz al. (1978).

I am particularly indebted to Ted Bowell, Clark Chapman, and Ben Zellner, wno have teen
responsible for so much of the work discussed here.

THE OBSERVATIONS

Four kinds of physical cobservatiuns have been widely applied to csteroids in the past
UBV photometry; 0.3 to 1.1 um spectropnotometry; photoalectric polarimetry;
i . [Each of these techniques has been applied to at least 00 aster-
There are, in addition, several other very promising approache~ that have not yet
i Infrared (JHK) photometry has been obtained for about three
1975; Chapman and Morrison, 1976; Matson, Johnson and Veeder, 1977;
high-resolution infrared spectra exist for Vesta and
1975; Larson ¢: al., 1976; Larson, 1977); Ceres and Vesta have been

detected by their thermal radic emission (Ulich and Conklin, 1976; Conklin et al., 1977);
and the radar reflectivities of Ceres, Eros, Toro, and lcarus have been measured {e.g.,

Campbell et al.
discussion to the four most widely applied techniques.

University of Arizona.
(1975,

, 1976; Jurgens and Goldstein, 1976). In this paper, however, 1 will limit

The UBV photnmetry has been carried out primarily at Lowell Observatory and at the
i The principal published sources are: Taylor (1971), Zellner et al.

1977b). »nd "egewij et al. (1978). However, the majority of the data are unpublished

observations rLz.e between 1975 and 1977 by E. Bowell at Lowell Observatory and referred to

by Zellner and 3owell (1977) and Bowell et al

for 98 asteroids oy McCord and Chapman (1975a.b) and Pieters et al.
eters used tu uate for classification are R/B

. (1978).

Spectrophotometry with about two dozen filters between 0.3 and 1.1 um has been reported

(1976). Three param-
., the ratio of spectral reflectance at 0.70 um

to that at 9.40 .m; BEND, a measure of the curvature ot the visible part of the reflectance

spectrum,

ad vLPTH, a measure of the strength of the olivine-pyroxene absorption feature

near 0.95 um,
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Linear polarization of reflected 1ight as a function cf phase angle cunstitutes the
third class of data. The observations are all from Zellner et g7. (1974) and Zellner and
Gradie (1976 and unpublished). The parameter Ppin, the maximum depth of the negative
polarization branch, ras been measured for 98 objects and is sensitive to grain opacity
and hence roughly to aloedo. The polarimetry also yields geometric albedo: py more direct-
ly, from the slope of thc uscending rolarization branch and a recently recalibrated slone-
albedo law (Zellner et 4{., 1977c,d). For albedc greater than 0.07, the nolarimetric
results are in quite satisfactory agreement with albedos and diameters from thermal radiom-
etry. It is now recognized, however, that previously published polariretri. ait>dos less
than 0.07 are iraccurate due to saturation of the slcne-albedo law, and furthermore that
reliable visual albedos py cannot .lways be inferred from polarimetric data in blue light.
Wnereas polarimetric albedos were listed for as many as 52 objects by Zellner and Gradie
(1976), the elimination of the low albedo objects and those observed only in the blue re-
duces the number of polarimetric albedos %o 24.

The final observational technique is 10 and 20 um radiometry, carried ct primarily by
D. Morrison and his collaborators at the University o Hawaii and at Kitt Peak and by 0.
nancen at Cerro Tololo. The indiviaual observations have been © olished by Cruikshank and
Morrison (1973, Morricon (1974, 1977a), Hansen (1976), and !¢ rison and Chapman (1976);
all are summarized in a review by Mcrrison (1977b). In Morrison (1977b), all of the obser-
vations have been reduced rniformly with a model based on that described bty Jones and
Morrison (1974), although ertirely equivalent results could also be ubtained .ith the al-
ternative model by Hansen (1977},

In order to use all of these data for ciassificatinn or any other purpose, it has blen
necessary to bring them together in a readily accessible format. Thus, beginning in 1976,
a number of observers have joined to create o computer file of these data called IRIAD
(Tucson Revised Index of Asteroid Data), described by Bender .: 7. {1978). The types of
data included and the individuals responsibie tor the files are qgiven in Table 1. Subject
to certain limitations, contents of the TRIAD 7Tile can be made available in computer print-
out or wachine-readable form to other researchers with a serious professional interest.
Inquiries should be directed to Ben Zellier, who has primiry responsibility for unkeep of
TRIAD.

Table 1. The TRIAD File

Data Type Responsibility No. of ”njectsa
Orbital Elements D. Benacer/Jro 2042
Magnitudes T. Gehrel:/U of A7 217
Rotational Elements E. Tedesco/N4SU 150
UBV Colors E. Bowell/Lowell Observatory A
Fhotcmetric Spec*ra M. Gaffey/U of HI 98
Spiactral Parameters C. Chapman/PSI R
Polarimetric Parameters 5. 7¢1ner/U of A7 102
Radiometric Diameters D. Morrison/NASA KQ 167

aAs of end of 1977.

RKS

[

B . T

-

o



-

. ,
:__._" ‘.‘--..‘— e g — g At Y

-

owdfl
it

o t__ ORI

-

VORY

- e e A——— ——

§
.

e BBS e e+ =

-
| odnte
———
—
—
-
1Y
l 4
\
-
-
.
S
-
-
AN
.-
‘n‘jr
-
N
S
o

bemem o e
b 2 g e
I"’—w—'-- .

One of the first projects undertaken with the TRIAD file has been the definition of a
simple empirical classification scheme (Bowell et al., 1978). In the following section I
will describe this taxonomy, and in the final section I will briefly compare it with more
interpretive classifications, based primarily on the spectrophotometric subset of these
data, defined by Chapman (1976) and by Gaffey and McCord (1977, 1978).

THE CSM TAXONOMY

The clear separation of many of the larger asteroias into two albedo-color groups was
recognized by a number of authors (e.g., Zellner, Gehrels, and Gradie, 1974; Morrison, 1974),
and in Ch~oman et al. (1975) this natural division was the basis for the definition of
classes called C and S. The C objects are dark and neutral in c~lor and appear to be min-
eralogically similar to the carbonaceous chondrites, while the 5 objects appear to contain
pyroxene and olivine together with some metallic iron. The terms C (for carbonaceous) and
S (for siliceous) were chosen with this compositional identification in mind, but it
should be emphasized that these classes were defined purely in terms of an empirical clump-
ing of observational parameters. Figure 1, which is a histogram of measured asteroid al-
bedos (Morrison, 1977b), clearly demonstrates the reality of this distinction between high-
and low-albado objects. In fairness it should be noted, however, that the division is less
obvious in some other observable parameters.

Fig. 1. Distribution .. lirectly deter-
mined geometric visual albedos for 187 ___f;q
asteroids. In the CSM taxonomy, the 1o66
low-albedo peak corresponds to tngc © 1685 100
asteroids, while the broader high-albedo 782 687
peak °s dominated by the S asteroids. an 679
Note the strong bimodality; in sp*te of 87 584
a real spread in albeuo within each peak, 264 563
the two albedo populations are distinct T o8
and do not overlap (from Morrison, 197b). ;0;::T
196 433
131 353
s 270 i
103 192 !
97 :29
324 5% 82 124
1247 51 80 123
790 241 393 79 16
747 238 386 77 67 !
694 211 326 68 60
47 159 308 63 39
444 146 :44% 3o 43 20
415 137 139 804 558 42 27
404 120 107 498 532 40 23
381 94 105 140 397 29 20
36% 91 93 13 785 DO 28 8
194 72 85 109 660 189 25 15 1620
141 66 64 106 550 186 22 4 737
I;Q_GJ 5 54 70 88 224 135 12 8 w4
537 47 %2 34 5 t72 2t It 7 e 883
95 46 45 13 4 89 17 9 5 (13 399 434
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Chapman et al. (1975) used five observable quantities in their classification, and
they were able to identify several well-observed objects. such as Vesta, that did not fall
into the C or S groups. In subsequent papers two additional classes were defined: M ob-
joacts with reddish colors, intermediate albedos, and little indication of spectral struc-
ture near 0.95 um (Zellner end Gradie, 1976); and E objects, with flat spectra and very
high albedns (Zellner et al., 1977a).

The taxonomy of Bowell et al. (1978) is a further development of the classification
begun by Chapman et al. (i975). Seven, rather than five, observational parameters are used
to distinguish the classes. It is based on directly observed optical parameters and, com-
pared with other classifications, 1t is independent of 1nterpretat1ons of asteroid mineral-
ogy. The system depends upon the existence of discrete clusters in parameter space, with
genuine gaps (or at least significant depletions) between the clusters. Only where such
natural divisions exist are meaningful distributions defined. Following previous usage,
this system retains ‘he class names C, S, M, and =, and it adds a new class, R. I call
this the CSM Taxcmory.

For those asteroids observed in sufficiert detail, many different surface types may be
distinguished and, ind2ed, each asteroid may ultimately be recognized as unique. In the
CSM taxonomic system, it should be understcod that each class contains a substantial spread
of mineralogical assem>ylages; for instance, there is a variation of a factor of three in
the albedos of C asteroids, and the S asteroids encompass a wide range of pyroxene and oliv-
ine cuntents as indicated by the depth and centroid of the absorption band near 0.95 um.

In assigning boundaries between classes for each parameter, Bowell ¢+ 7. adopted the
philasophy of minimizing the numbev of misclassifications. Where there is serious doubt as
to correct classification of an individuai asteroid, the CSM taxonomy carries several pos-
sibilities rather than trying to make a questionaole unique classification. Note that this
philcsophy is to be contrasted with one Tike that of Zellner and Bowell (1977), who attempted
to assign the most likely class to each asteroid.

In addition to classes C, S, M, E, and R, Bowell et al. introduce a designation U for
unclassifiable. The objects designated U a:e those that are not in the other five classes.
I emphasize that U dces not simply indicate lack of information or noisy data, but refers
to objects that are known to be intrinsically outside the domains of the other classes.

It is of interest to rote that, of 163 asteroids classified by Bowell et al. from both
albedo-sensitive and color-sensitive observations, conly 16 (10%) are classified U.

The five classes are formally defined by the range of parameters listed in Table 2.
As illustrations to help motivate these definitions, however, I now discuss several two-
parameter plots taken from the TRIAD -ile.

Figure 2 displays the geomet::c visual albedo py as a function of UV color index.
(This albado is derived prima:1ly from thermal radiometry, but in a few cases also depends
on , ‘arization data.) Tk. plot clearly distinguishes the major C, S, M, and E gruups, and
it alzo illustrates ‘. significance of class R, the members of which have high albedo and
are distinctly red.ier in UV than the S objects.

Figure 3 is a similar plot in which the poiarization parameter Ppin is substitute’ for
geometric albedo. It is apparent that Pmip distinguishes the S and C classes even more
strongly than albedo, with only a small group of M asteroids havirg intermediate values of
Pmin near 1.0.

The easiest observational technique to apply in a survey of physical properties is UBV
photometry, which yields colors in the near ultraviolet to visible range. It is thus impor-
tant .0 determine to wnat extent simple color data of this sort, without any albedo-sensi-
tive parameters, can serve to classify asteroids in the CSM system. Figure 4 illustrates
UBV colors for 465 obiects. Those for which albedo is known independently are denoted by
special symbols (e.g., filled circles for C, open circles for S), while the others are
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Table 2. Definition of Classes®
Parameter c S M £ R
Albedo, p, <0.065 0.065 - 0.23 0.065 - 0.23 >0.23 >0.16
Pmin % 1.20 - 2.15 0.58 - 0.96 0.86 -1.35 <0.40 <0.70
R/B 1.00 - 1.40  1.3¢ -2.07 1.06 -1.34 0.9 -1.70° >1.70
BEND 0.05 - 0.26 0.05 - 0.25 <0.N iO.le >0.25
DEPTH 0.95 - 1.00 0.80 - 1.00 0.90 - 1.00 0.90 - 1.00b <0.90
B-V >0.64°¢ d 0.67 -0.77  0.60 - 0.79 e
u-8 0.23 - 0.46° >0.349 0.17 -0.28  0.22 - 0.28 e
From Bowell et al. (1978).
b. No examples have been measured.
c. Additionally 4.60 (B-V) - 3.17 < (U-B) _ (B-V) - 0.27. Type U allowed 0M02 inside
linits when only UBV photometry is available.
d. Additionally B-V > (U-B)/7.0 + 0.74; 1.70 (B-V) - 112 < (u-B) < (B-V) - 0.33;
(U-V) < 1.47. Type U allowed 0M02 inside limits, except for the ‘ast, when only
UBV photometry is available.
e. (U-V) > 1.47.
f. Type U always allowed for U-B < 0.28, when only UBV photometry is available.
Fig. 2. Geometric albedo (py) oot vt ' ' ! !
versus U-V color index for 144 PRI ! YR : 7
asteroids with semimajor axis less - € : E -
than 3.6 AU. Domains indicate ool | . * ! .
allowable parameters on the CSM [ : . [
classification system for aster- o < — e o f: 863 |
oids of types C, S, M, E and R; - L . ..t m
objects outs de these domains are N R R L X A S Ve
unclassifiablz, aesignated U. The - 0 iy ,‘|-. * N
albedo boundaries (solid lines) are b + , *° | ® Seg o 4
those given in Table 2, but the I A R . ! i
limits i. U-V (dott.d lines) are ) yo. [ * !
more complex, as shown in Figure 5. oos} o * o . -
Unusual objects 2 Pallas, 4 Vesta, ! e L ¢ o
44 Nysa, 349 Dembowska, 354 Eleonora,oos |- L% e 8e -
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(from Bowell 2t al., 1978).

13 IOTRY)

Depth Ppin of the negative polarization
branch versus U-V color index for 93 asteroids with
semimajor axis less than 3.6 AU. Class boundaries
are as indicated for Figure 2. Unusual objects
indicated by number are 4 Vesta and 92 Undina

1 ) ¥ 1 1 I )
U-B i . » ;- " 200
o5} ARSI SCTA Fig. 4. B-V and U-B colors for 465
. o o wwouses asteroids with semimajor axis less than
| T, wogo= = 3.6 AU. Symbols indicate measured al-
sm | soder - bedos, where available, as independent
. w—s e s or Buen indications of type: e for p < 0.065;
04} . t.:.:o; . -;‘;;:o-- o for 0.065 < p <« 0.23; g for p > 0.23.
com e e% 0o ons Where no albedo is known the colors are
. :_n_...' v = oos = indicated by x. Two asteroids, 863
. " ::.‘;..u s Benkoela and 1685 Innes, have colors that
el e . are off the scale of this graph. Unusual
o3k *traEett L L asteroids 2 Pallas, 4 Vesta, 349 Dembow-
. " Laslls M ska, and 785 Zwetana are sndicated by
R number (from Bowell et al., 1978).
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indicated by x. The domain of the S objects is clear on this plot, but without albedo it
js difficult to distinguish the dark, neutral-colored Cs from the lighter, but still neu-
tral-colored Ms and Es. Figure 5 shows the actual boundaries of the classes in the UBV
plane as adopted by Bowell et al.

Fig. 5. Similar to Figure 4, but showing T 1 T T T T T T
adopted domains of types C, S, M, E and R
in UBV colors in the CSM taxonomy.
Numerical coefficients representing the
type boundaries are given in Table 2.
Neutral colors plot in the lower left
(e.g., 785 Iwetana), red colors in the
upper right (e.g., 349 Dembowska). Note
that UBV colors clearly separate R from

S from C asteroids, but become degenerate
for neutral colors where the C, M, and E
domains overlap {from Bowell et al., 1978).

0.6 07 08 09 Bg-v

Four examples show how the taxonomic definition 11lustrated in Figures 2-5 and listed
in Table 2 can be used to classify asteroids. We begin with a typical, thoroughly observed
C asteroid. 19 Fortuna; the observatiornal parameters are given in Table 3. The UBV colors
fall with.n the C domain of Figure 5, and the albedo of 0.030 and the Pypjp of 1.72 also
clearly piace rortuna in the low-albedo € class. Of the spectrophotometric parameters,
BEND allows either C or S, R/B allows C, M, or E, and the absence of the pyroxene absorp-
tion band (DEPTH = 1.00) serves only to exclude membership in class R. Thus the classifi-
cation would be ambiguous if only the spectrophotometric parameters were available, but is
clearly tied dcwn by both UBV colors and the albedo-sensitive observations.

As an example of an S object, Table 3 also lists the parameters for 5 Astraea. This
classification could be made unambiguou<iy from UBV colors alone or from R/B alone. The
other parameters are consistent with the S classification, but none considered alone is
sufficient; the alhedo allows types S or M, Ppin and DEPTH allow S or R, and BEND any type
except R. For the 5 asteroids, UBV rovors are par*‘cularly diagnostic.

Asteroid 44 Nysa in Table 3 i< a prototype E object. The high albedo and small Ppin
suggest E but by themselves are a’so consistent with the 1imits for class R. The UBV colors
fall within the ambiguous domain allowing C, M, E, or U but not S or R. Thus both color and
albedo data are required to place an object uniquely in class E, and the only proven E ob-
Jects are 44 Nysa, 62 Angelina. and 434 Hungaria. MNone of these, untortunately, has as yet
been observed spectrophotometrically.
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Table 3. Four Examples of Classification

Asteroid  Type B-Vv  U-B  BEND R/B  DEPTH  p,  Ppin Type

19 Fortuna C 0.75 0.38 0.21 1.09 1.00 0.03 1.72 v
S 0.27 1.00
M 1.09 1.00
E 1.09 1.00
R
5 Astraea c 0.10
S 0.83 0.38 0.10 1.63 0.84 0.144 0.70 Y
] 0.10 0.144
E 0.10
R 0.84 0.70
44 Nysa C 0.N 0.26
S
M 0.7 0.26
E 2.7 0.26 0.467 0.31 v
R 0.467 0.31
4 Vesta C 0.14 1.33
S 0.14 0.226
M 1.33 0.226
£ 0.14 1.33
R 0.74 0.226 0.55
(v) 0.78 0.48 Y

Perhaps the most prominent example of an unclassifiable asteroid is 4 Vesta. In
Table 3 the relatively high albedo allows classes R or (just barely) S or M, but the very
unusual Ppin of 0.55 excludes types S and M. The spectrophotometric parameters BEND and
R/B exclude type R, however, and the UBV colors fall outside the domains of any of the
recognized classes. Thus Vesta can only be classified U.

Table 4 lists the adopted classifications for 344 asteroids from the TRIAD data file.
Also given are diameters obtained either from direct obsarvation or calcuiated on tie
assumption that the object has the albedo of an average member of its class (see footnote
to Table 4). The asteroids listed in Table 4 are those used by Zellner and Bowell (1977)
and by Zellner (1978) to study the distribution of types, but the actual data are updated
to include the TRIAD values as of early 1978. In the expanded classification of 523 aster-
0ids by Bowell et al. (1978), there are 189 C objects. 142 S objects, 12 of type M, 3 of
type ~, and 3 of type R. The classification U is obtained for 55 objects, while 119 (25%)
receive uncertain or ambjguous classifications. Most of these ambiguities presumably could
be cleared up if additional observational techniques were applied. However, there is no
guarantee that smaller and fainter objects will have the same distribution as those already
studied, most of which have diameters greater than 50 km.

In the above statistics the C objects are much underrepresented, of course, because of

their low albedos and generally larger distances. In the following paper, Zellner discusses

corrections for these selection effects. The E and R types, however, must be genuinely
quite rare. Zellner and Bowell (1977) have noted that in the whole main belt there appear
to be only two E objects with diameters greater than 50 km, and it now appears that R ob-

jects must be similarly unusual. In a bias-corrected sample, neither of these classes would

constitute as much as 1% of the asteroid population.
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Table 4. Asteroid Classification? and Diamaters?
. Asteroid B(1,0) D (km) Type Asteroid B(1,0) D (km) Type
X 1 Ceres 4.48 1018 U 60 Echo 9.98 50 S
' 2 Pallas 5.02 629 U 61 Danae 8.90 87* S '
| 3 Juno 6.51 247 S 62 Erato 9.85 103+ C !
! 4 4 Vesta 4.31 548 U 63 Ausonia 8.96 89 S {
’ 5 Astraea 8.13 122 ) 64 Angelina 8.84 56 £ i
6 Hebe 6.98 195 S 65 Cybele 7.99 308 C .
7 Iris 6.84 210 S 66 Maja 10.51 76* C {
8 Flora 7.73 153 S 67 Asia 9.66 61* S ;
9 Metis 7.78 153 S 68 Leto 8.22 124 S
10 Hygeia 6.50 450 C 69 Hesperia 8.17 134? 1] )
] 11 Parthenope 7.80 151 S 7G Panopaea 8.93 154 c
b 12 Victoria 8.38 135 S 71 Niobe 8.28 114* S .
13 Egeria 8.15 241 C 72 Feronia 10.15 92* C .
A 14 Irene 7.49 153 S 76 Freia 9.1 143? CMEU !
: 15 Eunomia 6.42 245 S 77 Frigga 9.70 61~ M .
16 Psyche 6.88 252 M 78 Diana 9.17 139* C
17 Thetis 9.08 96 S 79 Eurynome 9.25 75 S
18 Melpomonene 7.69 152 S 80 Sapoho 9.22 86 U
" 19 Fortuna 8.45 220 C 81 Terpsichore 9.64 112~* C
E 20 Massalia 7.73 137 S 82 Alkmene 9.52 64 S
21 Lutetia 8.61 m M 83 Beatrix 9.76 106* C
22 Kalliope 7.28 178 M 84 Klio 10.34 81 o
23 Thalia 8.23 114 S 85 Io 8.92 146 {]
i 24 Themis 8.27 209* C 86 Semele 9.7 107* C
: 25 Phocaea 9.30 65 ) 87 Sylvia 8.12 2247  CMRU
: i 26 Proserpina 8.80 90* S 88 Thisbe 8.07 206 C
! ! 27 Euterpe 8.44 116 S 89 Julid 8.15 168 S
X ! 28 Bellona 8.16 122* S 90 Antiope 9.41 124* C
! ! 29 Amphitrite 7.13 194 S 91 Aegina 10.00 105 C
| 30 Urania 8.82 90 S 92 Undina 7.95 1507 u
; . 31 Euphrosyne 7.28 332* M 93 Minerva 8.7 167 ¢
i ; 32 Pomoma 8.76 93* S 94 Aurora 8.7 190 C
i i 34 Circe 9.59 113* C 95 Arethusa 8.83 165* C
L 36 Atalante 9.82 103* c 97 Klotho 8.75 94 M
! 37 Fides 8.43 93 S 100 Hekate 9.08 79*  SU
! 39 Laetitia 7.44 164 S 102 Miriam 10.28 83* C
! 40 Harmonia 8.32 121 S 103 Hera 8.84 89* S
i 41 Daphne 8.23 176 C 104 Klymene 9.44 121* C
! 42 Isis 8.81 96 S 105 Artemis 9.42 124* C
} 43 Ariadne 9.19 76* S 106 Dione 8.80 169* C
i 44 Nysa 7.85 72 E 107 Camilla 8.28 209* C
; 45 Eugenia 8.31 227 C 108 Hecuba 9.69 60* S
J ? 46 Hestia 9.56 133 C 109 Felicitas 10.13 74 C
; 47 Aglaja 9.24 134* C 110 Lydia 8.75 169* C
i 48 Doris 7.99 1472 u 111 Ate 9.11 143* C
| 49 Pales 8.67 178* C 113 Amalthea 9.86 47 S ‘
51 Nemausa 8.68 1£8 ] 114 Kassandra 9.46 121* C
52 Europa 7.62 289 C 115 Thyra 8.84 93 S
! 53 Kalypso 9.97 96> c 116 Sirona 8.89 80 SR
! 54 Alexandra 8.87 177 c 117 Lomia 9.18 1387  CMEU l
1 55 Pandora 8.7 1727  CMEU 119 Althaea 9.82 57* < .
X 56 Me ote 9 49 143 C 120 Lachesis 8.78 174 C !
| 57 Mnemosyne 8.41 108* S 122 Gerda 9.16 139* Cu
58 Concordia 9.92 96* C 123 Brunhiid 10.13 49* S
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Table 4 (continued)

Asteroid B(1,0) D (km) Type Asteroid B(1,0) D (km) Type
124 Alkeste 9.39 67 S 216 Kleopatra 8.21 2187  CMEU
125 Liberatrix Q.77 64? u 219 Thusnelda 10.68 38* M
126 Velleda 10.58 40* S 221 Eos 8.94 97? U
129 Antigone 7.85 14 M 224 Oceana 9.79 59* M
130 Elektra 8.46 121? U 230 Athamantis 8.65 114 S
131 vala 11.03 35 SM 236 Honoria 9.91 65* S
133 Cyrene 9.18 78% S 238 Hypatia 9.23 153 C
135 Hertha 9.24 78 M 241 Germania 8.61 179* C
137 Meliboea 9.14 142* C 247 Eukrate 9.31 14> C
139 Juewa 9.16 139* C 250 Bettina §.49 192? CMEY
140 Siwa 9.58 102 C 258 Tyche 9.54 65* S
141 Lumen 9.58 115* C 264 Libussa 9.67 63 S .
144 Vibilia 9.15 132 C 268 Adorea 9.76 106* C
145 Adeona 8.67 175% C 270 Anahita 10.03 50 S
146 Lucina 9.30 131* c 275 Sapientia 10.04 94* C
148 Gallia 8.47 106* S 27€ Adelheid 9.74 1067 CMEU
149 Medusa 11.94 24? u 281 Lucretia 13.11 157 ]
150 Nuwa 9.33 129? CMIU 284 Amalia 11.28 52* c
151 Abundantia 10.53 41* S 293 Brasilia 11.07 58* C
152 Atala 9.60 63* S 295 Theresia 11.41 27* S
153 Hilda 8.82 99? 1 306 Unitas 10.02 w2% 5 h
156 Xanthippe 9.81 103* C 308 Polyxo 9.28 136 u
15¢ Aemilia 9.32 133 c 313 Chaldaea 10.10 92* C ‘
162 Laurentia 10.01 97* C 324 Bamberga 8.07 251 C h
163 Erigone 10.80 65* C 326 Tamara 10.32 81* ¢ .
164 Eva 9.84 101* C 335 Roberta 9.93 48? EU K
166 Rihodope 10.91 38? U 336 Lacadiera 10.96 33? MEU
170 Maria 10.72 417? ] 337 Devosa 9.90 99? cS /-
172 Baucis 10.09 67 S 338 Budrcsa 9.78 58* M '
173 Ino 8.82 162* C 342 Endymion 11.29 52* C '
176 Iduna 9.%52 722 ] 344 Desiderata 9.09 145* C
177 Irma 10.75 67* C 345 Tercidina 10.1% 89* C
178 Belisana 10.69 38* S 349 Dembowska 7.2 144 R
179 Klytaemnest 9.31 T1* S 350 Ornamenta 9.45 122* ¢
181 Eucharis 9.06 79* S 351 Yrsa 10.30 45* S
182 Elsa 10.24 47* S 354 Eleonora 7.48 169 u
183 Istria 10.98 33* S 356 Liguria 9.27 149 C -
185 Eunike 8.75 168* C 357 Ninina 9.82 104* C
186 Celuta 10.46 a5 ] 360 Carlova 9.42 129 C
189 Phthia 10.76 41 S 362 Havnia 10.13 89* C
192 Nausikaa 8.61 93 S 363 Padua 10.05 94* C
194 Prokne 8.84 193 C 364 Isara 11.08 317 SMR
195 Eurykleia 10.07 92* C 365 Corduba 10.32 99 C
196 Philomela 7.72 160 S 367 Amizitia 12.10 19*% S
200 Dynamene 9.47 121? CME 370 Modestia 11.72 43 C
203 Pompeja 10.08 91* C 377 Campania 10.04 95?  CMEU
204 Kallisto 10.07 50* S 381 Myrrha 9.68 126 C
206 Hersilia 9.84 101+ C 384 Burdigala 10.81 36* S . -
208 Lacri josa 10.48 42 S 386 Siegena 8.60 174 o -
209 Dido 9.47 121? CMEU 387 Aguitania 8.4". 1z S .
210 Isabella 10.45 77* C 388 Charybdis 9.52 119?  CMEU v
211 Isolda 9.02 167 c 389 Industria 9.40 69* S
213 Lilaea 10.12 46? EU 393 Lampetia 9.32 121 C
214 Aschera 10.41 43? MU 395 Delia 11.49 48* C
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Table 4 (continued)

Asteroid B(1,0) D (km) Type Asteroid B(1,0) D (km) .ype
397 Vienna 10.54 50 S 660 Crescentia 10.60 39* SM
402 Chloe 10.28 46* S 674 Rachele 8.65 97% S
404 Arsinoe 9.99 94* C 679 Pax 10.40 42 S
409 Aspasia 8.3 207* C 680 Gencveva 10.68 69?7 CMEU
410 Chloris 9.47 124* C 694 Ekard 12. 11 90* C
415 Palatia 10.54 74* C 702 Alauda 8.29 205% c
416 Vaticana 9.24 76* S 704 Interamnia 7.24 338 C
426 Hippo 9.81 103* C 705 Erminia 9.55 117?  CMEY
432 Pythia 10.33 45* S 714 Ulula 10.30 46* S
433 Eros 12.40 15 S Marghanna 10.73 67* C
434 Hungaria 12.45 10 3 737 Areguipa 9.93 54* S
435 Ella 11.33 51?7 CMEU 739 Mandeville 9.79 63? U
441 Bathilde 9.4% 61 M 744 Aguntina 11.25 322 u
444 Gyptis 9.11 142* C 747 Winchester 8.81 205 C
446 Aeternitas 10.21 47* R 755 Quintilla 10.75 37? MEU
451 Patientia 7.67 326 C 776 Berbericia 8.70 173* C
454 Mathesis 10.27 83* c 778 Theobalda 10.58 36? EU
455 Bruchsatia 9.86 101* C 782 Montefiore 12.68 15% SM
462 Eriphyla 10.77 407 ] 785 Zwetana 10.73 45 U
471 Papaygena 7.78 148 S 790 Pretoria 9.09 177 C
472 Roma 10.39 44* S 796 Sarita 10.16 38* C
476 Hedwig 9.82 103* C 804 Hispania 8.86 162* C
478 Tergeste 9.22 75* S 825 Tanina 13.04 13* S
481 Emita 9.86 101* C 830 Petropolita 10.52 41* S
497 Iva 10.71 38+ M 853 Nansenia 12.61 28* C
498 Tokio 10.34 72 C 863 Benkoela 10.31 49* R
505 Cava 10.10 50?7 ME 887 Alinda 15.43 5.2 ]
508 Princetonia 9.41 125* C 888 Parysatis 10.82 36* S
509 Iolanda 9.67 60* S 911 Agamemnon 9.01 94? ]
510 Mabella 10.96 61?  CMEU 924 Toni 10.45 77% C
511 Davida 7.36 341 C 932 Hooveria 11.12 55% C
516 Amherstia 9.37 63 M 946 Poesia 11.53 46* C
824 Fidelio 10.99 60* C 963 Iduberga 13.83 9.2 §
532 Herculina 6.96 230 S 969 Leocadia 13.58 9.1?7 EU
537 Pauly 9.94 97* C 976 Benjamina 10.51 757  CMEU
540 Rosamunde 12.25 18* S 977 Philippa 10.76 66* C
545 Messalina 9.7¢ 107* C 1001 Gaussia 10.70 387 MEU
550 Senta 10.53 41* S 1011 Laodamia 14.24 7.2 S
554 Peraga 9.85 103* C 1036 Ganymed 30.61 39* S
558 Carmen 10.08 65 SM 1043 Beate 10.93 34> S
563 Suleika 10.00 53* S 1048 Feodosia 10.66 70* C
569 Misa 11.26 53* (W 1052 Belgica 13.27 11* S
584 Semiramis 9.82 54 S 1058 Grubba 13.01 13? SR
588 Achilles 9.73 61? MEU 1140 Crimea 11.59 25% S
591 Irmgard 11.77 23? MU 1143 Odysseus 9.48 627 EU
596 Scheila 9.98 133 ] 1171 Rusthawelia 10.8] 64? CMEU
602 Marianna 9.45 137 C 1172 Aneas 9.35 128* C
617 Patroclus 9.65 887 ] 1173 A-~chises 10.18 87* C
618 Elfriede 9.38 126* C 1178 Irmela 12.99 23* c
623 Chimaera 12.20 34* C 1212 Francette 7.99 238? (CMEU
624 Hektor 8.65 110? ] 1263 Varsavia 11.75 42* C
631 Philippina 10.16 49* S 1266 Tone 10.43 77* (o
654 Zelinda 9.51 727 ] 1268 Libya 10.07 92?7 CMEU
658 Asteria 11.70 23* SuU 1314 Paula 13.96 8* S
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Table 4 (continued)

Asteroid B(1,0) O (km) Type Asteroid B(1,0) T (km) Type
1329 [liane 12.22 19* Su 1583 Antilochus 9.76 60? MEU
1362 Grigua 12.42 31+ c 1620 Geographos 16.67 2* S
1407 Lavonne 13.53 10* S 1681 1948WE 12.84 14* S
1437 Diomedes 9.39 1257  CMEU 1635 Toro 14.60 8? ]
1500 Jyvaskyla 14.43 7% S 1694 Kaiser 13.73 17* C
1504 Lappeenrant 13.03 j2* S 1707 1932RL 13.89 8.7 SU
1547 1929C2 11.96 24? ] 1864 Daedaius 16.34 3? ]
1566 Icarus 17.62 1.77 U 1960UA 15.00 g+ cu
1567 Alikoski 10.64 75 ¢ 1376AA 18.40 0.9 ]
1580 Betulia 15.80 6.5 1977RA 16.71 * SU

aClassifications are from Bowell et al. (1978) and tollow the definitions in Table 2.
Multiple classes indicate ambiguity.

bDiameters followed by * are computed for the mean albedo of the class, rathrer than
determined directly. Diameters followed by ? correspond to an adopted albedo of 0.1 and
could be in error by as much as a Tactor of three. For a summary of directly measured

diameters, see Morrison (1977b).

It is of interest to note that the largest asteroids dc not fit into the CSM taxonomy.
Vesta, as discussed above, is unique in a number of parameters. Pallas is C-like in some
respects and M-1ike in others, but clearly unclassifiable. Ceres is loosely describable as
a C type, nut has a rather high aibedo (0.054) and an unusual spectrum with uncommonly red-
dish U-B and uncommonly neutral R/B colors. Thus Ceres is now formally designated as a U
object, and should not in any case be thought of as a prototype for the C class. Among the
six largest asteroids (Morrison, 1977b), Ceres, Pallas, and Vesta are unclassifiable,
Euphrosyne has been observed only in Ppin, with Pallas-like results, 704 Interamnia is a
peculiar C object, and only Hygiea is a normal C. Thus the true C-dominated asteroid popu-
lation only begins at diameters of 300 km and smaller. Mote, too, that well over half the
mass in the asteroid belt is accounted for by these unusual asteroids which do not fit the

CSM classification system.

COMPARISON OF THE CSM TAXONOMY WITH OTHER SYSTEMS

Taxonomic schemes have an important function in organizing observational data, but
because the number of classes and subclasses and their exact boundaries are largely arbi-
trary, they can also be a source of misunderstanding and dispute. The CSM taxonomy attempts
to divide its classes along natural lines with a minimum of interpretation. It is thus of
limited use in studies of asteroid mineralogy, and indeed some very different mineralogical
assemblages may be grouped together in the CSM scheme. In this final seclion of my paper,

I briefly consider some comparisons between the CSM and two other taxonomies, following the

more detailed discussion in Bowell et al. (1978).

In the first alternate taxonomy, Chapman (1976) used the available spectrophotometry
for 98 asteroids to establish 13 groups, each of which he interpreted to have similar sur-
face composition and mineralogy. For instance, one group is interpreted as being due chief-
1y to the signatures of nickel-iron plus olivine while another is suggestive of a C2 (CM)

carbonaceous chondritic composition.
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Even more recently, Gaffey and McCord (1977, 1978) have developed a separate classi-
fication for 62 of the spectra, emphasizing interpretations of mineralogical assemblages.
This scheme is described in more detail in this volume by McCord (1978). Fifteen groups
were defined, mostly consisting of subdivisions of several broader groups symbolized by R
(for reddish spectra, both with and without prominent 1.0 um absorption features), T (for
transition), and F (for flat).

In general the Chapman and Gaffey-McCord classifications group asteroids in a consis-
tent manner. However, in a few cases there are real differences as discussed by Bowell
et al. (1978) and Gaffey and McCord (1978).

A continuing controversy in all three taxonomic systems concerns the significance of
the class called M in the CSM classification. The name for this class suggests its inter-
pretations a. metallic (Zellner and Gradie, 1976); that is, the character‘stic spectral
signature of these asteroids is suggestive of nickel-iron. However, it is agreed by both
Bowell et al. (1978) and Gaffey and McCord (1978) that these objects could be either nearly
pure metal or finely divi od metal in a neutral silicate matrix (e.g., like the enstatite
chondrites). There is clearly a great geochemical difference between these two interpreta-
tions, and present observations do not seem capable of distinguishing between them. A
complicating factor is that Gaffey and McCord interpret another group of asteroids (their
clas; RF) as also of iron or enstatic-chondritic composition, while Chapman interprets the
spectra as indicating a broad, weak absorption feature due to either olivine or olivine-
plus-pyroxene. If Gaffey and McCord are right, then asteroids of nickel-iron or enstatite
chondrite composition are distributed among both the M and S types of the CSM system, in
spite of a wide gap in UBV colors between these classes.

In spite of its low level of direct interpretability in terms of mineralogy, the CSM
taxonomy does have some significant advantages. First, it can Le applied widely, since it
depends upon only a few observational parameters. Second, it involves albedo information
directly, and thus it permits investigation of differences in the size distributions and
ortital distributions for the separate classes. Through its strict accounting of albedos,
the TSHM taxonomy permits a reasonable correction for bias to be applied to the available
statisiics, such as accomplished by Chapman et al. (1975), Morrison (1977b), Zellner and

Bowell (1377), and Zellner (1978). Third, the CSM system requires no revision when mineral-

ogical idenvifications are modified or improved, since it is based strictly on observational
parameters.

The CSM taxonomy has proved useful for outlining the structure of the asteroid belt,
and it will probably be extended during the next year or two to nearly half the numbered
asteroids. The usefulness of its applicabiliiy to the Earth-approaching asteroids or to
those beyond 3.6 AU, where different populations may exist, has yet to be demonstrated,
however. The reconnaissance data exemplified by the CSM taxonomy are not sufficient, how-
ever, for understanding the mineralogy of asteroid surfeces. It seems clear that detailed
analysis of reflection spectra supported by albedo date and by laboratory and theoretical
work is required as well, and our understandirg of the nature of the asteroids in the next
few years will probably be best advanced by a two-pronged attack involving both continuing
reconnaissance studies and the intensive acquisition and interpretation of spectrophotom-
etry of a smaller number of representative asteroids.
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DISCUSSION

VEVERKA: Are the magnitudes that are included in the TRIAD file the ones that have been
measured recentiy or are they ftrom some previous <omuilation?

MORRISON: There are several sources for these magnitudes. Genrels has provided photo-
electric rwgnitudes for many. A lot more of the magnitudes are oniy photographic. The
goal was tc obtain the best magnitude for every numbered asteroid. However, for many
individual objecis, especially faint objects, these magnitudes car still be very bad-- |
with brightness uncertain by as much as a factor of two.

CHAPMAN: Another advantege of this classification scheme which 1 think is important is
that a relatively simple observing nrogram in which only radiometry and UsV photometry
are used can detect the anomalous or unusual objects. The taxonomy alerts us to unusual
asteroids we should go out and lock at in more detail with spectraphotometry and other
techniques.

MORKISON: About 10% are Us, so ycu can improve the efficiency of obseriations by a faictnr

|
of ten for thc more elaborate techniques if you decide to concentrate on the unclassi-
fied objects.

ANDERS: I wonder if the time hasn't come to analyze “is populaticn to see how homogener:s
these classes are and winether any of them break up into subsets.
96
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ZELLNER: Remember that the data are ertremely heterogeneous and, tc do anything that is
very formal mathematicaliy, one needs a better set of data.

MORRISON: The number of objects for which we have all seven of those parameters must be
well under 100. Most of them are S, of course, because of the observational bias in
tavor of bright objects. Even so, the high albeu: ones, like Vesta, the Es, or the
Rs are extremely rare. Zellner will talk about hu. much rarer they are in the popula-
tion as a whole whan bias corrections are included. It is very curious that we are
able to think of these rare objects as having very close relationships 10 certain meé-
teorite classes. However, the data base is rapidly expanding, and within the next year
it may be appropriate to apply more sophisticated statistica! technig.es, such as clus-
ter analysis.
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GEOGRAPHY OF THE ASTEROID BELT

BENJAMIN H. ZELLNER

Lunar and Planetary Laboratory
University of Arizona, Tucson, Ariazona 85721

DO Several hundred minor planets can now be classified into
broadly defined C, S, M, and other compositional types.
Corrections for observational selection bias show that at
Y least 75% of the main belt asteroids are of Type C, about
ok 15% are of Type S, and 10% of other types. The proportion
A of S objects drops smoothly outward through the belt with an
=, exponential scale length of 0 4 AU. Objects of exceptional
CoT type are found throughout the main belt. At least for diam-
e eters >50 km, the major types show very similar size-frequency
: relations.

- - Several Hirayama families show characteristic optical proper-
b ties contrasting with the field population, and evidently
originated as the collision fragments of discrete parent

bodies. The Trojans seem to form a compositionally distinct

) popuiation. Of a dozen Amor and Apollo objects observed, nine
e are S-like, one is of Type C, and two show unusual ccmpositions.

INTRODUCTION

Much of the fascination of minor planets lies in their population statistics, that is,
the distribution of types over diameter and orbit. In the preceding paper Morrison (1978)
has summarized the telescopic techniques that have been used for large numbers of aster-
oids, and described the classification into Types C, S, M, etc., recognizable in optical
polarimetry, thermal radiometry, and UBV colorimetry. The classification system is one
step removed from attempts at mineralogical description as described by McCord (1978).
The mireralogical description, where available, is to be much preferred over the simple
classification by optical type, but only for the latter is a statistically adequate sam-
pling availapie. At the University of Arizona we are heginning a seven-color survey, using
broadband interference filters from 0.36 to 1.05 um wavelength, with hopes of obtaining
mineralogicall, diagnostic data for a substantial fraction of the numbered asteroid popula-
tion.

The first attempts at analysis of the population statistics was by Chapman et al.
(1975), who ciassified 110 objects intn C, S, and U (unclassifiable) types. Corrections
for observational selection effects showed that the C asteroids are predominant, especially
in the outer regions of the belt. Zellner and Bowell (1977) carried out a similar exercise
for 359 objects, incorporating Types M and E and using for the first time a large number of
observations of tIBV color. The taxonomy has been more closely examined, and applied to
data for 521 asteroids, by Bowell et al. (1978). Most of the results discussed here are
taken directly from the latter two papers. A bias-corrected analysis of the larger data
set and more secure classifications of Bowell et al. remain to he done.
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THE MAIN BELT

Observational Selection Effects

Since minor planets differ in geometric albedo by at least a factor of ten, any dis-
cussion of distributions over diameter and distance must begin with statistically reliable
diameters and must incorporate corrections for observational selection biases. Also, we
must take care that objects of various types or distances are intercompared only for simi-
lar size ranges. Failure to observe these precautions can be perilous. For example,
Chapman (1976) noted that classified S asteroids tended to fall near Kirkwood gaps, and C
objects to avoid the gaps widely. The result is statistically well-established, and there
are no obvious biases toward or away from the Kirkwood gaps in the compositional surveys.
As shown by Zellner and Bowell (1977), however, Chapman's conclusion was only an artifact
of comparing large C asteroids with small S objects, together with a genuine tendency for

large objects of any type to avoid the gaps.

Diameters for about 200 asteroids are available from the polarimetric and thermal-
radiometric surveys (Morrison, 1977a, 1978; Zellner et al., 1977a; Gradie et al., 1977).
In addition we can obtain statistically useful diameter informmation from geometric albedos
assumed according to the compositional type; Zellner and Bowell (1977) adopted albedos
0.035 for C objects, 0.12 for Type M, and 0.15 for Type S.

Corrections for observational sampling bias have been discussed by Chapman et al.
(1975), Morrison (1977a,b), and Zellner and Bowell (1977). It is assumed that, in any
region of the belt, the sampling completeness is a function of apparent magnitude only.
Then bias factors are computed for each interval of magnitude and distance as the ratio of
the number of objects sampled to the total number of asteroids known to be present. For
each classified object at a magnitude and distance associated with bias factor n, we assume
that n-1 additional asteroids of identical size and type are present. The bias factors
need not be monotonic functions of magnitude, and no distortions are introduced by particu-
lar attempts to observe faint objects or members of particular Hirayama families, so long
as the sampling intervals are adequately chosen. Clearly the process is limited by the
statistics of small numbers.

The bias correction process is also limited by the normalization sample. Figure 1
illustrates the distribution over heliocentric distance for 1978 numbered asteroids. This
sample is itself heavily biased, being incomplete for objects fainter than about apparent
magnitude 15.5, or diameters smaller than 12 km for inner-main belt S asteroids, 55 km for
outer-main belt C objects, and ~150 km for the Trojans. For fainter asteroids we must de-
pend upon some extrapolation of the magnitude-frequency relation, or results from the
Palomar-Leiden Survey (van Houten et al., 1970). Since few objects brighter than magnitude

16 were observed in the PLS, its region of overlap with the numbered population is somewhat

problematical.

Freguency of Typas

According to the bias analysis of Zellner and Bowell, there are approximately 560 main

belt asteroids with diameters >50 km, of which 76% are of Type C, 15% of Type S, 5 of
Type M and 3% of other types. Similar results, with a somewhat higher proportion of C ob-
jects, were obtained by Morrison (1977a,b). Large asteroids of the high-albedo varieties
are genuinely quite rare. Zellner et al. (\977bg noted that there are apparently no more
than two or three £ asteroids with diameter ~50 km in the entire population. In their
sample of 523 objects, Bowell ot al. (1978) were able to identify no additional candidates
for the Vesta type with diameter >25 km. It is a remarkable result that mixed among the
predominantly dark, carbonaceous population there can be a very few asteroids of quite

exceptional type.
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Fig. 1. Distribution over mean heliocentric distance of the first 1978
numbered asteroids, in increments of 0.05 AU. Fractions indicate the ratio
of orbital periods for the principal dynamical resonances with ‘upiter.
Adapted from Zellner et al. (1977b). Data are from the TRIAU computer file
(Bender ot al., 1978).

Distributions Over Heltocentric Dlatance

Figure 2 illustrates the general decrease of the relative frequency of S-type aster-
otds with increasing semimajor axis. The departures from a smooth curve are of no statis-
tical significance, and there is no evidence for systematic differences near Kirkwood gaps.
The mixing ratio drops exponentially with distance with a scale length of about 0.4 AU,

Bias-corrected distributions over orbital eccentricity and inclination have not as yet been
derived.

The relatively sharp cutoff in S/C ratio with distance implies great difficulties for
any hypothesis involving formation of asteroids of various types in widely differing regions
of the solar system and their subsequent relocation in the main belt. (That is not to say,
of course, that some asteroids of rare type could not have such a iistory.) Also let me
emphasize that Figure 2 does not represent a progressive darkening of asteroid surfaces

with distance, but variations in the relative proportions of distinct types. The situation
may have been misunderstood by Whipple (1977). Some tendency for S objects to have more
neutral colors at greater distance has been noted (Zellner e¢# al., 1977¢), but generally

objects of a given type tend to show the same range of optical properties no matter where
located.
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Digtributions Over Diameter

Figure 3 1llustrates the bias-corrected distributfons of C and S+M Types as derived
by Zellner and Bowell (1977). The data are consistent with parallel size-frequency rela-
tions, both showing a change of slope near 160 km; however, the statistics are poor for the
smaller sizes and also for diameters >200 km due to the small number of objects present.

An alternate interpretation of the same size-frequency data is gfven by Chapman (1977).

FAMILIES

Among the most exciting results of the past year is the evidence that the Hirayama
‘imilies, consisting of asteroids with strongly clustered orbital elements, are not random
collections of field objects but show a high degree of internal homogeneity (Hansen, 1977;
Gradie and Zellner, 1977). The families apparently originated as the collision fragments
of discrete parent bodies. Thus we can see into the interfor of the parent bodies, includ-
ing ??isibly differentiated objects, in ways not possible for the major planets and their
satellites.

The better-populated families often have only one or two large members or consist en-
tirely of small objects. Thus they were generally overlooked in the bright-asteroid sur-
veys and are only now being explored by UBV and similar techniques. When comparing the
compositions of the smaller family members with the non-family field population, we are
dependent upon an incompletely-tested assumption, namely that the mixture of types seen
for large asteroids is also characteristic of the field population at small sizes.
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Fig. 2. Ratio of bias-corrected type fre- Fig. 3. Bias-corrected number of asteroids

quencies, as a functior of orbital semimajor
axis. Open circles indicate zones contain-
ing major Kirkwood gaps. Adapted from
Zellner and Bowell ?1977).
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of Type C, and Types S plus M, in intervals

of 0.05 in log diameter for the whole main

?elt.) Adapted from Zellner and Bowell
1977).
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Fig. 4. Observed UBV colors for minor planets in the Hirayama families
associated with 24 Themis, 158 Koronis, 221 Eos, and 44 Nysa.
of the C, S, M, and E Types are as defined by Bowell et al. (1978).

symbol at B-V = 0.63, U-B = 0.10 indicates adopted colors of the Sun.
open circle in the Nysa family represents the M object 135 Hertha.

LA

Ml
24 Themis

HY
138 Koronis

PR |

H2
221 Eos

PP — |

from the TRIAD file and from Degewij et al. (1978).

Figure 4 illustrates UBV data for four families.
the inner regions of the main belt but seems to contain no typica. C or S asteroids at all.
It consists of the irregularly-shaped 80 km E object 44 Nysa, the 80 knn M object 135 Hertha,
and at least six small fragments of an unidentified but unusual compositional type.

Color domains

The family /rnold 74 is located in
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Zellner et al. (1977b) attempted to reconstruct this family as in Figure 5, with the hypo-
thesis that the small fragments are also of the E type and that, together with 44 Nysa,
they represent the enstatite-achondritic shell collisionally spalled from the iron core
135 Hertha. Alternate interpretations are possible, as for exampie a forsterite mineral-
ogy for the E objects, or an enstatite-chondritic nature for Hertha and some of the small
fragments. Meteoritic evidence tends to favor a common origin for the enstatite chon-
drites and achondrites (Claytoa ¢t al., 1976; Hertogen et al., 1978). In any case a very
interesting parent body has been broken open to form the 44 Nysa family.

The families Hirayama 2 (221 Ecs) and Hirayama 3 (158 Koronis) are the subject of a
survey in progress by UBV and thermal-radiometric techniy.es (Gradie ot al.. 1977). The
Koronis objects appear to be entirely of Type S, although the field population consists of
at least 80% Type C at its heliocentric distance. This family (as does Hirayama 2) has no
prominent largest member but at least a dozen objects in the 30-50 km size range, and is
clearly the result of a catastrophic fragmentation event. Here we have evidence that S
objects are internally homogeneous with no large iron core or other marked compositional

inhomogeneity.

The 221 Eos family is similarly distinct from the field population and contains theo
only known asteroids which appear to be intermediate betr~an C and S types. Preliminary
indications are that they in fact form a linear series belween typical C and S properties
in both albedo and color. A reflection spectrum of 221 [os itself (McCord and Chapman,
1975) is peculiar and has been interpreted in terms of a mixture of mafic silicates and
opaques perhaps resembling the (3 chondrites (Gaffey and McCord, 1977). Ffurther specula-
tions on the nature of this family would be premature.

In UBV colors the 24 Themis family (Hirayama 1) appears to consist entirely of C ob-
jects, six of them falling in the 100-200 km diameter range. Here we have a backqround
problem, since the field population at semimajor axis 3.14 AU is at least 90 of Type C.
Still the chances are smal)) that no S or other types would be found out of 19 objects
sampled, and this family also appears to have a collisional origin,

Fig. 5. Reconstruction of the 44 Nysa
family, as suggested by Zellner ¢ al. ,
{1977b). 135 Hertha is taken to represent ’
a metallic core, and 44 Nysa and the smaller
fragments a mantle of enstatic-achondritic

{or other transition-metal-free) miterial.

!
| lost
i
\

\ I
N ’
\ ¢
(2] o ¢
e
A
o 100
L 1 \ L
KILOMETERS
" ORIGINAY, PACGE 1S
e e Ny
— T | ; | “ | ’ : . '. *
N | .
{ 7 { :‘ J 1 ! l, ‘ : ’
s e L] ! J--..._.. “ / po : ! J




-y
o

R
T I

!
[+ Y

o

R o AN

It has several times been suggested that C asteroids may consist of S type or other
stony-metallic cores which subsequently accreted surface layers of dark carbonaceous mate-
rial. This hypothesis may be attacked on several grounds, one of which is the evidence
from the families. For the Koronis object it would be necessary to assume that the C
material was entirely removed before the major collision that produced the family, or else
disposed of in some way. For the Themis family the putative core would have to be still
concealed in one of the larger members.

Finally, let me note that at least half the asteroid population cannot be assigned to
recognizable family groups, but may nevertheless have originated in collisions for which
the debris is now widely dispersed. Thus the overall complexion of the belt, including
such general trends as seen in Figure 2, may be telling us more about the individual prop-
erties of a rather small number of parent bodies than about the continuum properties of the
solar nebula.

THE QUTLIERS

0f the 2045 presently numbered minor planets, 1917 move in orbits with semimajor axis
between 2.u6 and 3.65 AU, eccentricity «<0.35, and inclination <30°. Of the remainder,
there are 21 numbered Trojans near the equilateral Lagrangian points of Jupiter, 27 Hildas
near the 2/3 resonance at 3.95 AU, 16 Hungarias with relatively high inclination orbits
inside the 1/4 resonance, and 48 Apollo/Amor objects in Mars- or Earth-crossing orbits
(see Figure 1). The sampling is clearly much biased in favor of nearby objects. Sixteen
numbered asteroids, including 2 Pallas with its exceptional inclination, fall into none of
the above categories. The Hunoarias, Hildas, and Trojans may have been formed at their
present distances, but the Apollos and Amcrs apnear to need a source of replenishment from
the main belt or from the comet population (Wetherill, 1976, 1978).
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Fig. 6. UBV colors for twelve aster- Fig. 7. UBV colors for nine Trojan aster-

oids (filled circles) and for the outer
satellites JVI, JVII, and Phoebe. Data
are from Degewij et a/. (1978) and unpub-

oids in Earth- and Mars-crossing orbits.
Data are from the TRIAD file.

lished results at the University of Arizona.
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Figure 6 illustrates UBV data for a dozen small bodies in Earth- and Miis-crossing
orbits. Mostly they have S-like optical properties, but bias corrections are difficult.
(Actually the distribution of types is very similar to that for the dozen brightest main
belt asteroids.) Some of these have been studied in detail, and 433 Eros is perhaps the
best-observed of minor planets (Iecarus, Volume 28, No. 1, 1976). Object 1685 Toro is the
best identified candidate for an ordinary-chondritic composition among the asteroids
(Chapman et al., 1973). Object 1580 Betulia is the only well-established C type among the
Mars-crossers; 1474 Beira has relatively neutral colors of unknown significance.

Figure 7 displays UBV colors for nine Trojans. McCord and Chapman (1975) reported
exceptional reflection spectra turning upwara i the infrared, unlike anything in the main
belt, for the Trojans 624 Hektor and 911 Agamemnon. The available UBV cclors and uniformly
tow thermal-radiometric albedos (Cruikshank, 1977; Degewij et al., 1978) argue a high
degree of homogeneity among the Trojans, with an unidentified compositior distinct from the
rest of the asteroids. Figure 7 also illustrates remarkably similar colors, distinct from
the Trojans, for the outer satellites JVI, JVII, and Phoebe.

The Hilda asteroids are poorly explored. UBV colors reported by Degewij et al. (1978)
are generally Trojan-like, but with wider scatter. Degewij et aql. find a variety of types
among the Hungarias; 434 Hungaria itself is of the very rare E type.

FUTURE WORK

In spite of enormous progress in the last five years«, we are only beginning to scratch
the surface of the minor planet population with regard tc some very interesting questions.
Future space missions may be limited by the laws of celestial mechanics to objects which
now seem wholly insignificant, and it is vital that we be able to make intelligent choices
among such possible targets. Returns from the Infrared Astronomy Satellite will trivialize
efforts to date in the art of asteroid thermal radiometry, but radiometry alone is not
enough for mineralogical classification. The UBV technique is capable of reaching almost
any numbered asteroid, but is also limited in diagnosticity.

Detectors now exist by which it is possible to obtain diagnostic spectral reflectivity
data at wavelengths out to 0.10 um for quite faint objects. A thousand minor planets could
be thus observed in three years' work, and I believe that such a dedicated ground-based
survey is the critical next step.
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DISCUSSION

CHAPMAN: You have looked at several of the most populous families. Previously published
data on representatives of other families have shown that they have heterogeneous com-
pesitions among the members, so it is not a general rule that asteroid families have

members with identical compositions. There are other cases where there are considerable

differences.
ZELLNER: We should 1ook at those too.
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ASTEROID SURFACE MINERALOGY:
EVADENCE FROM EARTH-BASED TELESCOPE OBSERVATIONS
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Surface mineralogy of asteroids can be inferred in many cases
using a variety of spectroscopic remote sensing techniques.
Through the application of these techniques, mainly over the
past ten years, mineral assemblages analogous to most meteos-
{te types have been found as surface materials of asteroids.
Conspicuously rare or absent from the main asteroid belt are
ordinary chondrite-1ike assemblages, while carbonaceous mate-
rials are common as are metal-silicate assemblages. The dis-
tribution of mineral assemblages with asteroid size and
distance from the Sun reveals heterogeneity which is surely
informative of early accretionary and evolution processes,
but the precise meanings are yet to be agreed on.

Low temperature assemblages are relatively more abundant with
increasing distance from the Sun. All assemblages generally
can be found inside 3.0 AU and metal plus orthopyroxene assem-
blages are concentrated inside 2.5 AU.

‘ INTRODUCTION
Surface mneralogy is one of the most revealing types of information obtainable about
asteroids, since direct evidence of the compositiconal and thermal evolution of the objects
is derivable. The mineral assemblages present are more informative than elemental abun-
dances, for the exact combinations of elements in a mineral and the crystal structure are o
very sensitive to the composition of the parent materfal and to the temperature and pres- -
sure history. o
Near ultraviolet, visible, and near-infrared reflectance spectroscopy is the most f; éi
definitive available technique °or the remote determination of asteroid surface mireral- 7o
ojies and petrologies. Electronic absorption features present in the reflectance spectra o
of asteroids (Figure 1) are directly related to the mineral phases present (Adams, 1975; RA NS
McCord et al., 1978). e s
B
Polarimetry, infrared radiometry and several other techniques (Morrison, 1978) provide 4 EJ <
complementary information, such as albedo, which, although not a unique function of minerai- el 41 Ay
ogy, is very useful in differentiating between mineralogic groups and in reso]¥ing ambigu- gig v oo
ities. ngi S
A
0 Bl B
PREVIOUS CHARACTERIZATIONS OF ASTEROID SURFACE MATERIALS ¥ ?: ?
o - ol b
McCord et al. (1970) measured the first 0.3-1.1 um spectrum of an asteroid, 4 Vesta, 2 T v
and identified an absorption feature near 0.9 um (see Figure 1) as due to the mineral py- P
roxene. They suggested that the surface material was similar to basai.ic achondritic e IR
i : ’}!.',
i
¥
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meteorites. Hapke (1971) compared the UBV colors of a number of asteroids to a variety of
lunar, meteoritic and terrestrial rocks and rock powders. He concluded that the surface
material ¢f these asteroids could be matched by powders similar to a range of the compari-
son materials but not by metallic surfaces. Chapman and Salisbury (1973) indicated that
some matches between asteroid and meteorite spectra were found for several meteorite types
including enstatite chondrites, a basaltic achondrite, an optically unusual ordinary chon-
u-ite and, possibly, a carbonaceous chondrite. Johnson and Fanale (1973) showed that the
alvedo and spectral characteristics of some asteroids are similar to C1 and C2 carbonaceous
chondrites and others to iron meteorites. The latter two sets of authors noted the problem
of defining precisely what constituted a 'match,' and both raised the question of subtle
mocdification of asteroid surface materials by in situ space weathering processes. Salisbury
and Hunt (1974) raised the question of the effects of terrestrial i..athering on meteorite
specimens and the vaiidity of matches between the spectra 0“ such specimens and the aster-
oids.

McCorda and Gaffey (1974) utilized absorption features and general spectral properties
to characterize surface materials of 14 asteroids. They identified minera® assemblages
similar to carbonaceous chondrite, stony-iron, iron, basaltic achond-ite and silicate-metal
meteorites. At that time it was possible to establish the general identity of the spec-
trally important minerals in an assemblage, but very difficult to estaslish their relative
abundances.

Chapman et al. (1975) utilized spectral, albedo and polarization parameters to define
two major asteroid groups. The first group was characterized by having low albedos (<0.09),
strong negative polarizations (>1.1%) at small phase angies and relatively flat, feature-
less spectral reflectance curves. These parameters were similar to those for carbonaceous
chondrites and these asteroids were designated as 'carbonaceous' or C type. The second
group was characterized as having higher albedos (>0.09), weaker negative polarizations
(0.4-1.0%) and reddish, sometimes featured spectral curves. These parameters were compara-
ble to those for most of the meteorites which contain relatively abundant silicate minerals
s0 this group was designated 'siliceous or stony-iron' or S types. A small minority
(~10%) of the asteroids could not be classified in this system and were designated ‘unclas-
sified' or U types. This classification system has been redefined recently by Bowell et al.
(1978). (In this volume, see Morrison, 1978.)

This simple classification scheme can be quite useful since it does seem to often
separate these two major types of objects and the observational parameters on which the
scheme is based can be measured at present for objects fainter than those for which com-
plete spectra can be obtained. The choice of terminology is unfortunate, however, since
it implies a specific definition of surface materials in meteoritic terms, which was not
intended. Any 'flat-black' spectral curve would be designated C type whether or not the
surface material would be characterized as carbonaceous by any other criteria. A similar
objection can be raised with respect tc the 'siliceous' terminology since it implies a
degree of specificity not present in the classification criteria.

Thus, while the C and S classification of asteroids cannot be viewed as a description
of mineralogy or petrology, it does provide valid characterization with respect to the
chosen parameters. Since the groups appear in each of the parameters used (albedo, polari-
zation, color), a single measurement such as UBV color can be used to classify the asteroid
(Zellner et al., 1975; Zellner et al., 1977b; Zellner and Bowell, 1977; Morrison, 1977a,b).

Fig. 1. Typical spectral reflectance curves for the various asteroid spectral groups:

3 Juno, RA-1; 8 Flora, RA-2; 16 Psyche, RR; 9 Metis, RF; 4 Vesta, A; 349 Dembowska, A;

1 Ceres, F; 141 Lumen, TA; 10 Hygiea, TB; 51 Nemausa, TC; 80 Sappho, TD; and 532 Herculina,
TE. Spectral curve for each asteroid is displayed in sevcral formats: left--normalized
reflectance versus wavelength (um); center--normalized reflectance versus energy (wave-
number, cm~!; and right--difference between spectral curve and a linear 'continuum' fitted
through 0.43 ym and 0.73 um points. (From Gaffey and McCord, 1978.)
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This approach can also be utilized to identify anomalous objects (Zellner, 1975, Zelliner
et al., 1977a) or to establish possible genetic relationships between members of asteroid
dynamical families {Gradie and Zellner, 1977). Chapman (1976) utilized the basic CSM clas-

sification system but identified subdivisions based on additional spectral criteria ('slope,’
'bend' and 'band depth'; McCord and Chapman, 1975a.b) which are mineralogically significant.

Johnson et al. (1975) measured the near-infrared reflectance of three astercids
through the broad bandpass J, H, and K filters (1.24, 1.65 and 2.2 um) and concluded that
these were consistent with the infrared reflectance of suggested meteoritic materials.
Matson ¢t a?. (1977a,b) utilizea infrared H and K reflectances to infer that space weather-
ing processes were relatively inactive on asteroid surfaces in contrast to the surfaces of
the Moon and Mercury.

A very favorable apparition in early 1975 permitted the measurement of a variety of
spectral data sets for the Earth-approaching asteroid 433 tvos. Pieters ot a!. (1976)
measured the 0.33-1.07 um spectral reflectance ot tros tnrough 25 narrow bandpass filters.
This curve was interpreted as indicating an assemblage of olivine, pyroxene and metal, with
metal abundance equal to or greater than that in the H-type chondrites. Veeder ot al.
(1976) measured the spectrum of Eros through 11 filters from 0.65-2.2 um and concluded that
their spectral data indicated a mixture of olivine and pyroxene with a metal-like phase.
Wisniewski (1976) concluded from a higher resolution spectrum (0.4-1.0 um) that this sur-
face was best matched by a miiture of iron or stony-iron material with ordinary chondritic
material (¢.y., iron + pyroxene + olivine), but suggested that olivine is absent or rare.
Larson ¢t al. (1976) measured the 0.9-2.7 um spectral reflectance curve for Eros and iden-
tified Ni-Fe and pyroxene, but found nc evidence of olivine or feldspar. The dispute over
the olivine content arises because of slight differences in the observed spectra near 1 um,
and the uncertainty in the metal abundance is due to incomplete quantitative understanding
of the spectral contribution of metal in a mixture witn silicates.

In a comprehensive article, Gaffey and McCord (1977) presented a detailed mineralog-
ical analysis of 65 asteroid reflectance spectra and arrived at the most complete descrip-
tion oxisting of the mineral assemblages present on asteroid surfaces. They also gave a
review of the field and a detailed discussion of the interpretive techniques applied to
derive mineralogy. Much of the material in the present article is derived from this paper
and the reader is referred to it for more detatled and comprehensive information.

The evolving characterization of the surface mineraloqy of the asteroid 4 Vesta is
illustrative of the improving sophistication of the interpretative process.

a. McCord et al. {1970) measured the reflectance spectrum of Vesta
with moderate spectral resolution and coverage (0.40-1 08 um,
24 filters). They identified a deep absorption band (.0.92 um)
which they interpreted as diagnostic of a pigeonite (pyroxene
with moderate calcium contentg. The spectrum was matched to that
of a eucritic basaltic achondrite (pyroxene + plagioclase). A
second pyroxene band was predicted near .0 .

b. Chapman (1972) obtained a spectral curve of Vesta with the
absorption feature centered near 0.95 um which was interpreted
to indicate a more calcium- or iron-rich pigeonite.

c. Chapman and Salisbury (1973) compared this spectrum to a range
of meteorites and concluded that it was best matched by a
laboratory spectrum of the howarditic basaltic achondrite,
Kapoeta.
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Veeder et gql. (1975) measured a high-resolution (50 A)
0.6-1.1 um reflectance spectrum of Vesta, determined the ab-
sorption band position to be 0.92 + 0.02 um and interpreted
this to represent a calcic pyroxene or eucritic basaltic
achondrite.

Johnson et al. (1975) measured the broad bandpass reflectance
of Vesta at 1.65 and 2.20 um (H and K filters) and concluded
that the data matched that expected for a besaltic achon-
dritic surface material. They emphasized the need for higher-
resolution spectra beyond 1.0 um.

Larson and Fink (1975) determined the 1.1-3.0 um reflectance
of Vesta relative to the Moon. They identified the predicted
second pyroxene band and confirmed the existence of pyroxene
in the surface material. They indicated that no absorption
bands for olivine, feldspar or ices were seen in the spectrum.

g. McFadden et al. (1977) measured the high-resolution (20-40 A)
0.5-1.06 um spectrum and determined the band position to be
0.924 ¢+ 0.004 um. They inferred the presence of a 10-12 mole%
Ca pyroxene and suggested that the symmetry of the absorption
feature indicated little or no olivine.

h. Larson (1977) presented the 1.0-2.5 um reflectance curve of
Vesta relative to the Sun. The band minimum (2.00 + 0.05 um)
is within the field of eucrite metecrites, although it may
overlap with the howardite field.

Improvements in the mineralogical and petrological characterization of the surface
materials of 4 Vesta result partly from improvements in spectral resolution and coverage.
Perhaps most important has been the improved understanding of the mineralogical signifi-
cance of absorption features in reflectance spectra. The recent effort has concentrated
on characterizing the mineral absorption features more precisely, but the original inter-
pretation (McCord et al., 1970) still appears valid.

SUMMARY OF ASTEROID MINERALOGICAL INFORMATION

Mineralogical interpretation of the cbserved spectra of approximately sixty asteroids
has been made utilizing the wavelength dependent optical properties cf meteoritic and
meteorite-like mineral assemblages (see Gaffey and McCord, 1978) and a summary is given in
Tables 1 and 2. The albedos {(radiometric) and the depth of the negative branch of the
polarization-phase curve have been used to provide an indication of the bu'k optical den-
sity of the surface material, which constrains the interpretation of the surface mineralogy
and petrology. A wide variety of mineralogical assemblages have been identified as aster-
oid surface materiais. These assemblages are mixtures of the minerals found in meteorites.
However, the relative abundance of mineral assemblage types present on main belt asteroid
surfaces differs radically from the relative abundance of meteoritic mineral assemblages
arriving at the Earth's surface. The relative abundances of various assemblages as dis-
cussed here are uncorrected for observational bias against the smaller, darker, and more
distant asteroids as described by Chapman et al. (1975), Morrison (1977b), and Zellner and
Bowell {1977).
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Asteroid

176

192
194
210
213

Ceres
Pallas
Juno
Vesta

Hebe
Iris
Flora
Metis

Hygiea
Parthenope
lrene
tunomia

Psyche
Thetis
Melpomene
Fortuna

Phocaea
tuterpe
gellona
Urania

Laetitia
Harmonia
Doris
Nemausa

Europa
Concerdia
Ausonia
Eurynome

Sappho
Alkmene
lo
Thisbe

Elektra
Juewa
Siwa
Lumen

Adeona
Erigone
Rhodope
la .na

Nausikaa
Prokne
Isabella
Lilaea

Table 1. Asteroid Surface Materials: Characterizations(a)

Spectral
Type

Mineral
Assemblage (b)

Si1(0), Opq(M)*
Si1(0), Opq{M)*
NiFe ~ (01+Px)
Cpx

NifFe > Cpx
NiFe, 01, Px
NiFe I Cpx
NiFe, (Si1(E))

Phy, Opq(C)
NifFe, (Sil(E})
Nife, Px

NiFe » (01~>Px)

NiFe, Sil(E)
NiFe, Cpx
Si1(0), Opq(C)
Phy. Opq(C)

NiFe, Px, Cpx
NiFe, Px, Cpx
Si1(0). Opq(C)

L (01aPx)
~ Px
Opq(C)
Opq (C)

Phy, Opq(C)
Phy, Opq(C)
Nife, Px

NiFe v Cpx

Si1{0), Onq(C)
Si1(0), Opgl)
Si1(0). Opg(M)*
Phy. Opq(C)

Phy, Opq{(C)
Phy, Opq(C)
Nife, Sil(E)
Phy. Opq(C)

Phy, Ooq(C)
Phy, Opq(C)
Phy, Opq(C)
Phy, Opq(C)
NiFe ~ (Px~01)
Phy, Opq(C)
Phy, Opg(C)
Si1(0). Opq(M)*

Nife
NiFe
Pny,
Phy.

Meteoritic
Analogue (c)

C4 (Karoonda)

C4 (Karoonda)
01-Px Stony-lron
Eucrite

Mesosiderite
01-Px Stony-lron
Mesosiderite

£. Chon. lron

c1-c2

£. Chon. Iron

Px Stony-Iron
01-Px Stony-Iron

E. Chon. lron
Mesosiderite
c3

C1-C2

Px Stony-lron
Px Stony-Iron
C3

01-Px Stony-Iron
Mesosiderite
C1-C2

C1-C2

C1-C2
Cc1-c2
Px Stony-Iron
Mesodiderite

C3

Cc3

C4 (Karoonda)
ci-Cc2

C1-C2
c1-c2
£. Chon.
c1-Cc2

t1-c2
c1-c2
€1-c2
c1-ce

Px-01
Cc1-c2
C1-C2?
C4 (Karoonda)

[ron

Stony-lron
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Table 1 (continued)

Asteroid Spectral Mineral Meteoritic CSM
Type Assemblage (b) Analogue (¢) Type (d)
221 Eos TD Si1(0), Opq(C) C3 u
230 Athamantis RF NiFe, (Si1(E)) E. Chon., Iron S
324 Bamberga TABC Phy. Opq(C) C1-C2 C
335 Roberta F Si1{(0), Opq(M)* C4 (Karoonda) U
349 Dembowska A 01, {NiFe) 01. Achondrite 0
354 [leonora RA-1 Nife ~ 01 Pallasite S
433 Eros (e) - Px ~ 01, NiFe H Chondrite S
462 Eriphyla RF (?) --- _— S
481 Emita TABC Phy, Opg(C) C1-C2 C
505 Cava TA Phy, Opq(C) C1-C2 C
511 Davida T8 Phy, Opq(C) C1-C2 C (C*)
532 Herculine TE Si1(0), Opq(C) €3 S
554 Peraga TA Phy, Opq{C) C1-C2 C
654 Zelinda TC Phy, Opqg(C) C1-c2 C
674 Rachele RF (?) -—-- -—- S
704 Interamnia F Si1(0), Opq(M)* €4 (Karoonda) ]
887 Alinda 0 Si1(0), Opq(C) C3 S
1685 Toro (f) -- Px, 01 L Chondrite (?) 1]
(a) From Gaffey and McCord (1978).

(b)

Mineral assemblage of asteroid surface material determined from interpretation of
reflectance spectra: NiFe (nickel-iron metal); 01 (olivine); Px {pyroxene, gener-
ally low calcium orthopyroxene); Cpx (clinopyroxene, calcic pyroxene); Si1(0)
{~aivic silicate, most probably olivine); Si(E) (spectral neutral silicate, most
probably iron-free pyroxene (enstatite), or iron-free olivine (forsterite); Phy
{phyllosillicate, Tayer lattice silicate, meteor1t1c clay mineral, generally hy-
drated, unleached with abundant subequa® Fe2* and Fe3* cations); Ooq(C) (opaque
phase, most probably carbon or carbon compounds); Opq(M) {opaque phase, most prob-
ably magnetite or related opaque oxide).

Mathematical symbols ('>', greater than; '>>', much greater than; ‘~', approximately
equal) ave used to indicate relative abundance of mineral phases. In cases where
abiind>nce is undetermined, order is of decreasing apparent abundance.

Asteroidal spectra which are ambiguous between ‘TDE' and 'RF' are not characterized
ineralogically.

Meteoritic inalogues are examples of meteorite types with similar mineralogy but
genetic linis are not established. For example, objects designated as analogous to
mesosideriies could be a mechanical metal-basaltic achondritic mixture.

Asteroidal spectral type as defined by Chapman et al. (1975) and as summarized by
Zellner and Bowell (1977). C* designation from Chapman (1976).

Pieters et al. (1976).

Chapman et al. (1973).

Rl Rt R f_“"ﬁ“‘*’“lﬁlw




Table 2(3)
Orbital Parameters ) ) )
Albedo (b Pmin (¢ Diameter (b ‘
Asteroid a e i (%) (%) (km) 2 :
(Av) (deg) SIS
[ . 4 A =
1 Ceres 2.767  0.08 10.6 5.4 1.67 1003 p
2 Pallas 2.769  0.24 34.8 7.4 1.35 608 P
3 Juno 2.670  0.26 13.0 15.1 0.75 247 Pt
4 Vesta 2.362  0.09 7.1 22.9 0.55 538 S
; 6 Hebe 2.426  0.20 14.8 16.4 0.80 201 5
N 7 Iris 2.386  0.23 5.5 15.4 0.70 209 b
] 8 Flora 2.202  0.16 5.9 14.4 0.60 151
SRIES 9 Metis 2.386  0.12 5.6 13.9 0.70 151
1 10 Hygiea 3051 0.0 3.8 4.1 - 450 Vo
- )57 11 Parthenope 2.453 0.10 4.6 12.6 0.70 150 S
i 35 : 14 Irene 2.589 0.16 9.1 16.2 - 158 o
S B 15 Eunomia 2.642  0.19 n.7 15.5 0.70 272 .
P 16 Psyche 2.920  0.14 3.1 9.3 0.95 250 '
4 391 |
Ho ] #3 17 Thetis 2,469  0.14 5.6 10.3 0.65 109 L
N s 18 Melpomene 2.296 0.22 10.1 14.4 - 150
* k- 19 Fortuna 2.482  0.16 1.6 3.2 1.65 215 :
hE 25 Phocaea 2.401  0.26  21.6 18.4 . 72 |
g B 27 Luterpe 2.347 0.17 1.6 14.7 0.60 108 oL
N R 28 Bellona 2.776  0.15 9.4 13.2* . 126* S
%,Ef,‘_ﬁ ; 30 Urania 2.365  0.13 2.1 14.4 0.75 91 P
o R et I 39 Laetitia 2.769 0.1 10.4 16.9 0.70 163 Lo
e B 40 Harmonia 2.267 0.05 4.3 12.3 0.75 100 Lo
@ 3 48 Doris 3.114 0.06 6.5 - - - L
51 Nemausa 2.366  0.07 10.0 5.0 1.95 151 Lo
e 52 Europa 3.092 0.1 7.5 3.5 . 289 N R
2y ] 58 Concordia 2.699 0.04 5.0 - . - Lot
SO 63 Ausonia 2.395 0.13 5.8 12.8 0.65 91 o
79 Eurynome 2.444 0.19 4.6 13.7 R 76 o
N 80 Sappho 2.296  0.20 8.7 1.3 - 83 o \:-f
| = - 82 Alkmene 2.763 0.22 2.8 13.8 - 65 -
IR 85 lo 2.654 0.19 11.9 4.2 - 147 Lo \
3 I 88 Thisbe 2.768  0.16 5.2 4.5 - 210 R
o oed 130 Elektra 3. 0.21 22.9 5.0 - 173+ .,
R 139 Juewa 2.783 0.17 10.9 4.0 1.30 163 BT
RR P 140 Siwa 2.7132 0.21 3.2 4.7 . 103 N
R K 141 Lumen 2.665 0.21 1.9 2.8 1.75 133 L,
' 145 Adeona 2.674 0.14 12.6 . - . o
B 163 Erigone 2.367 0.19 4.8 - . - -
166 Rhodope 2.686 0.2 12.0 - - - Do
£ 176 1duna 3.168  0.18 22.7 - - - Ce
s 192 Nausikaa 2.403 0.25 6.9 16.5 - 94
194 Prokne 2.616 0.24 18.5 2.7 - 191 »
S IR I 210 Isabella 2.722 0.12 5.3 R - - L
RN 5 213 Lilaea 2.754  0.15 6.8 - - - oy
NS I Lo
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Table 2 (continued)

Orbwtal Parameters
. e Albedo (b} Pmin (c) Diameter (b)

A i .
steroid e j () (%) (km)
(AU) (deg)

221 Eos 3.014 0.10 10.8 - - -
230 Athamantis 2.383 0.06 9.4 10.0 - 121
324 Bamberga 2.682 0.34 11.2 3.2 1.45 246
335 Roberta 2.473 0.18 5.1 - - -
349 Dembowska 2.925 0.09 8.3 26.0 0.35 144
354 Eleonora 2.797 0.12 18.4 14.8 0.5 153
433 Eros 1.458 0.24 10.8 17.4 0..u 23
462 Eriphyla 2.872 0.09 3.2 - - -
481 tmita 2.743 0.16 9.8 - - -
505 Cava 2.686 0.24 9.8 - -
511 Davida 2.187 0.17 15.8 3.7 1.70 323
§32 Herculina 2.7 0.17 16.3 10.0 0.75 150
554 Peraga 2.375 0.15 2.9 3.9+ - 101
654 Zelinda 2.297 0.23 18.2 3.2 - 128*
674 Rachele 2.921 0.20 13.6 - - -
704 Interamnia 3.057 0.15 17.3 3.3 - 350
887 Alinda 2.516 0.54 9.1 16.6 0.75 4
1566 Icarus 1.078 0.83 23.0 16.6* 1*
1685 Toro 1.368 0.44 9.4 12.4* 3*

{a) From Gaffey and McCord (1973).

{b) Albedos and diameters by the radiometric technique as summarized by Morrison (1977b).
Those indicated by an asterisk are regarded as of marginal certainty.

{c) Depth of the negative branch of the phase-polarization curve (Ppi,) as summarized by
Chapman et al. (1975).

A large fraction (~40") of the interpreted spectra indicate surface materials composed
of an abundant (spectrallx opaquh phase (e.g., carbon, carbonaceous compounds and/or maq-
netite) mixed with an Fe " -Fes* silicate (.., low temperature hydrated silicate or clay
minerals as found in the C1 and C2 moteorites). A range of subtle variations of these
spectra indicates that a variety of those opaque-rich clay mineral assemblages exist on
asteroid surfaces.

Approximately a quarter of the interpreted spectra imply surface materials composed of
mafic silicates (olivine, pyroxene) mixed with an opaque phase. These materials are compa-

rable to the C3 and C4 carbonaceous chondritic assemblages. The majority (~15. of total) of

these spectra are characterized by a significant but not overwhelming spectral contribution
by the opaque phases. These assemblages are comparable to the ‘olivine + opaques' C30

and C3V meteoritic assemblages. About 10" of the total objects studied apparently
represent similar silicates {olivine) with a spectrally dominant opaque phase. Recent
studies of Ceres by Lebofsky (1978) and Gaffey (1978) suggest that anomalous iron-free clay

minerals, not yet observed in meteorites, may be an important surface component of these
asteroids.

Most of the remaining spectra (about a third of the interpreted spectra) exhibit char-
acteristics of a significant spectral contribution from metallic iron or nickel-iron. The
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surface materials of these asteroids appear to consist of assemblages of Ni-Fe, either
alone or with a variety of silicates, including metal or metal plus a transition metal-
free silicate (a.g., enstatite or forsterite), metal plus olivine, metal plus pyroxene

and metal plus olivine plus pyroxene. The majority of these metalliferous objects appear
to have surface materials with abundant (+25-75%) metal. The apparent metal abundances in
these surface materials are comparable to those in the stony-iron meteorites and represent
a significant enrichment over the cosmic abundance.

The range of mineral assemblages present on asteroid surfaces is an indication of the
range of processes that have acted on the asteroids and asteroid parent bodies. Most mod-
ern cosmological models assume that the solid bodies of the solar system accreted from
grains precipitated by a cooling nebula of solar composition (e.g., Cameron, 1973; Cameron
and Pine, 1973; Lewis, 1972). The sequence of condensation with decreasing temperature in
a solar nebula has been discussed extensively (e.g., Larimer, 1967; Grossman, 1972;
Grossman and Larimer, 1974). In a condensation sequence which does not involve the large
scale removal of condensed matter from contact and further reaction with the nebular gas
(equilibrated or quasi-equilibrated condensation model), the unmetamornhosed chondritic
meteoritic assemblages (Cl1, €2, C3, LL 3-4, L 3-4, H 3-4, E 3-4) and the high temperature
calcium-aluminum inclusions of the C-type meteorites (e.g., Allende} can be formed by ac-
cretion of direct condensation products. While the detailed sequence of mineral condensa-
tion and reaction is a function of nebular pressure, a major factor t~ bear in mind is that
the oxidation of iron (Fe®) to Fe’* begins to take place near 750°K, weli below the temper-
ature at which essentially all the silicate and metal phases will have condensed. In these
models, the magnesium end members of the olivine and pyroxene materials condense near 1300°K
but do not incorporate the FeY cations until the nebula has cooled below 750°K. The sen-
sitivity of final product mineralogy (e.g., Fe’* distribution) to nebular conditions and
processes (e.g., isolated regions, gas-dust fractionation) and tc accretionary and post-
accretionary processes, can provide a key to utilizing mafic silicate mineralogy as a probe
of the evolutionary history of certain regions of the solar system.

There is evidence from these remote sensing techniques for three definable asteroid
populations, with different condensation, accretion or thermal histories.

1. The opaque + Fe<*-Fe3* assemblages (spectral types TA, TB, TC,
see Table 1) and their meteorite analogues, C1 and €2 chondrites,
accreted from material apparently condensed at low temperature
(<400°K) from the solar nebula. These materials have experienced
weak or minimal post-accretionary thermal events.

2. The opaque + mafic silicate assemblages (spectral types 1D, TE. F)
and their meteoritic analogues. the C3 and C4 chondrites, accreted
from nebular condensate between 750°K and 350°K. The C4 meteor-
jtic materials (type F asteroidal surface materials) aopear to
have experienced some post-accretionary metamorphism,

3. The metal-rich differentiated asteroid surface assemblage (and
most of the differentiated meteorites) accreted from material
condensed below 750°K, and have experienced intense heating
events permitting magmatic differentiation to occur.

DISTRIBUTION OF ASTEROID MATERIALS

The Jistribution of the types of mineral assemblages with respect to orbital elements
or size of body can provide insight into the nature of the asteroid formation and modifica-
tion processes. Chapman et al. (1975), Chapman (1976, 1977), and Zellner and Bowell (1977)
have drawn several conclusions based on these distributions of (- and S-type asteroids.
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Figure 2. These assemblages can be grouped according to post-accretionary therma! history
into two groups: (a) apparently unmodified low temperature, surface materials (Types TA,
T8, TC = C2) and intermediate temperature surface materials (Types TD, TE = C3), and

(b) apparently metamorphosed or differentiated assemblages {Types RA, A, F).

bution of these materials with respect to semimajor axis is shown in Figure 3.
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Fig. 2. Distribution of asteroid surface material groups as
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for observational bias) for the members of each spectral group
discussed in the text (from Gaffey and McCord, 1978).
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Fig. 3. Distribution of asteroid surface material groups as a function of the semi-
major axis of their orbits (uncorrected for observational bias) for groupns with
diverse thermal histories (Primitive - apparently unaltered by any post-accretion-
ary heating events - TA-TB-TC, TD-TE and Thermalized - apparently heated and modified
or melted and differentiated by some strong post-accretionary heating episode) and

the distribution of the first 400 numbered asteroids (as a histagram per 0.02 AU)
{from Gaffey and McCord, 1978).

These distributions have not been corrected for observational bias, which favors
brighter objects over darker objects: that is, objects with high albedos are favored over
those with lTow albedos or objects with small semimajor axes are favored over those with
large. Thus, for example, the number of TA-TB-TC objects should be multiplied by some fac-
tor depending on size and semimajor axis to compensate for their low albedos. Zellner and
Bowell (1977) have discussed this bias correction process in detail.

These distributions verify the increase in relative abundance of the low temperature
assemblages with increasing distance from the Sun reported by Chapman ot a?. (1975), but
they also show that inside about 3.0 AU, all types aenerally can be found in a region. The
particular concentration of the metal plus orthopy ene assemblage contained in spectra

type Kn-2 inside 2.5 AU is a distribution which s* 'd be considered in light of models
for difforentiating these objects.

ihe distribution of surface mineralogies with respect to the size of the bodies is of
interest (Figure 4). Two significant factors should be noted. First, the largest sized
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indication of the upper limits to the size distributions of the
original populations (from Gaffey and McCord, 1978).

object of the TD and TE (~C3) groups is significantly smaller than that of tne TA-TB-TC
(vC2) group. This would tend to support the concept that the C3-type material was isolated
in the interiors of bodies with C2-type surfaces (inhomogeneous accretion). Second, the
largest sized body among 'thermalized' objects (RA, A, F) is significantly larger than that
of the ‘unthermalized' or 'primitive' objects (TA-TB-TC, TD, TE). This would imply that
the size of the parent body may have an inflience over post-accretionary heating. The cut-
off in size below which heating did not take place appears to be approximately 300-500 km.
Observational bias correction should enhance this discrepancy.

The C2-1ike surface materials which dominate the main asteroid belt population appear

to be relatively rare on the Earth-crossing and Earth-approaching asteroids {Apollo and Amor
objects). Spectral reflectance curves have been interpreted for two Amor asteroids
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(433 Eros ~ H5-6 or L5-6 assemblage; Pieters et 2l., 1976 and 887 Alinda ~ C3 assemblage)
and for one Apcllo asteroid (1685 Tero ~ L6(?); Chapman et al., 1973). Gehrels et al.
(1970) utilized several indirect methods to define a wavelength dependent brightness curve
for the Earth-crossing asteroid 1566 Icarus which indicated the presence of an absorption
feature in the region of 1 um (pyroxene?). Zellner et al. (1975) provided the UBV colors
for two additional objects (1620 Geographos and 1864 Daedalus), both Type S. 7 1lner and
Bowell (1977) indicate that of about 12 Apollo or Amor objects, one *s of Type .. While
some have reservations with regard to the meteoritic specificity ot ‘.e CSM classi -ication
system, one can view C and S as approximately 'C2' and 'not-C2.°

It is evident that the dominant C2-type assemblages of the main belt are under-repre-
sented among the Apollo and Amor objects by about two orders of magnitude (~1/10 instead of
m!O/l). This discrepancy implies that the Apollo and Amor asteroids are not randomly de-
rived from the population of the main belt. If this population anomaly is not a recent or
temporary event, then the source region which replenishes this inn2r solar system popula-
tion must be both restricted and strongly depleted in C2-type asteioidal materials. This
suggests that these asteroids may be derived from the innermost portions of the belt, per-
haps inside 2.0 AU. Wetherill (1977) has suggested that objects formed closer in to the
Sun (e.g., ordinary chondritic assemblages) may have been stored at the inner edge of the
belt and may represent the source of these objects. The cometary hyoothesis (Opik, 1963,
1966; Wetherill and Williams, 1968) for the origin of the Apollo and Amor asteroids cannot
be ruled cut on the basis of the available spectral data. Chapman (1977) reaches similar
conclusions with respect to the origin of these asteroids.
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DISCUSSION

——-

ARNOLD: 1Is it correct that no two of the spectra in Figure 1 are identical? If so, then "‘

1 suggest again there is great variety among asteroid surfaces.

McCORD: That is right. It is felt that each one in this sample 1s significantly different
and reveals some difference in the surface material.

MATSON: Your expectation of a continuum of properties seems to be unlike tle cleur divi-
sions seen in some other parameters, like albedo.

McCORD: In part, you are right. There won't be a continuum between all of the various
dimensions.

MORRISON: When you lump the asteroids together into thermalized and unthermalized Jroups,
but without correcting for observational bias, [ don't think this really adds much
information. One might as well use the bias-corrected C and S data that Zellner re-
ported here.

CHAPMAN: Not true, because it turns out there are both thermalized and unthermalized in-
terpretations within the S classification. In other words, although there is a genera]
association between the McCord/Gaffey groups and the C and S classifications, their
individual spectra have been interpreted in such a way that the C and S are hetero-
genaous with respect to thermal evolution.

McCORD: That doesn't mean the C and S classification is useless. In individual cases it
could lead you widely astray, but as a statistical tool probably not.

ARNOLD: 1 note that you reinforced the conclusion derived by cther workers that there &.e
no close analogs of an ordinary chondrite in this group. [ also note tha. the tnes
which have C3 as the closest meteoritic analogs are Ss, and | wondered if you would
comrent on that?

McCORD: Well, that is quite possible because C3 is a modified netemorphosed material that
can have a spectral continuum which would give you an S classification when you look
at it using UBV photometry.

ARNOLD: Do you take albedo into account? laboratory scientist knows that C3s are dark
objects, but not as dark as C2s.

McCORD: That is taken into consideration. In fact, sometimes albedo is necessary in order
to resolve ambiguities.

CHAPMAN: The TE class that you associated with C3s falls in the S class defined by Bowell
et al. 1 don't think the TE spar*ra differ substantially from uvthers which you ' ~ve
assigned to other classification-, and secondlv, the albedo of those TEs is 0.13,
which is pretty bright compared to C3 meteorites.




k2all

McCORD: These TEs may be too bright; in any individual classification errors are possible.
But I would like to emphasize that the classifications are rot capricious and should
not be judged according to a single parameter. One has to spend a great deal of time
working with both the asteroid spectra and the laboratory spectra before one begins to
get a feeling for which differences are important and which are no..

WETHERILL: There is a feature at 0.65 um. It appears in what others call an S-type aster-
Jid; it does not appear in an ordinary chondrite, nor does it appear in any actual
meteorites. So in regard tc comparing meteorites with asteroids, I think it is worth-
while to place similar emphasis on the things that don't agree as well as the things
that do agree.

McCORD: That feature is not well understood. I think it is real and that it means some-
thing. We are going to have to go to the laboratory and work on that. At the very
beginning it was felt it might be spurious, a problem with comparison of standard
stars, but the calibrations have been checked. It is not as though the feature is uni-
formly .aere. It is not there in some, it is there weakly in others, strongly in still
others. That indicates it is real.

GROSSMAN: When you look at the broken surfaces of C1 and C2 meteorites in the laboratory, the
human eye can certainly sec the difference. I'm puzzled as to why the TA-type spectrum
stands for C1-C2. Is it difficult to tell the difference spectrally between a Cl1 and
a C2 in the laboratory or is it just that the asteroid spectra fall somewhere in-between
them?

§

£33 i%‘ CHAPMAN: There are only three Cl1 samples available, and they are not in pristine optical ;
h -1 =4 condition. The problem is that no one has had believable samples of a C1 to measure i
£y in the laboratory. H
4 228 1 GROSSMAN: What is in store for us as far as an improvement beyond what we see in Table 1? :
; S G Is there any technological breakthrough that is goina to happoen? f
g 1§ McCORD: There is not a technological breakthrough, but more hard work. One has to measure
O N Iy the spectrum better with higher signal-to-noise, with larger spectral range, and with
:3; higher spectral resolution. It should be done for asteroids which have strong spectral
5L, features. Then one has to have available laboratory and thcoretical material that ]

allows one to in.erpret the features. For example, we need data on cold hydrated
materials, materials we really don't know very much about. We are setting up to do Sy
that now. The emphasis of the work now that this survey is concluded is to do better { , .
interpretations for some specific main belt objects as well as for the Earth-apprvach- ‘ -
ing objects.
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INFRARED OBSERVATIONS OF ASTEROIDS
FROM EARTH AND SPACE

DENNIS L. MATSON and GLENN J. VEEDER

Space Sciences Divisgion
Jet Propulsion Laboratory, Pasadena, Califormia 91103

and

LARRY A. LEBOFSKY

Lunar and Planetary Laboratory
University of Ariaona, Tucson, Arizona 85721

Infrared observations of asteroids have made possible key steps
in our understanding of asteroids. The list of accomplishments
includes: diameters, albedos, surface morphology and surface
composition. Current topics of interest include the presence
of water of hydration on Ceres, the presence of mixtures of
silicate and metallic phases, and the state of development of
asteroids] regoliths which range from rocky (1580 Betulia) to .
lunar-like (e.g., Ceres, Vesta). We review these accomplish- oor
ments critically and assess the advantages which can be ob-
tained by performing infrared observations from Earth orbit and 4
from interplanetary spacecraft.

REFLECTED RADIATION

T

Introduction

The measurement of reflectances at wavelengths between 1 and 4 um yields important
information about asteroid surface composition and the processes by which these surfaces
may have been modified. Further, it more than doubles the wavelength range over which

Pruttaguooy oy

asteroids may be compared with available reflectivity data for meteorites and other labora- ; N
tory samples. As a result, it is possible to classify asteroids better and to devise more CoT >
precise tests for hypotheses about their surface compositions. A

The need for asteroid photometry at wavelengths longer than 1 um was first recognized .
. as a result of laboratory investigations into the bulk reflectance properties of meteorite I
A samples (Johnson and Fanale, 1973; Chapman and Salisbury, 1973; Gaffey, 1974, 1976). These §
s works showed that meteorites as a group exhibited a large range in infrared refleclance. '
' This should also be true for asteroids with meteorite-type compositions. Furthermore, it !
‘ . was argued that high spectral resolution would not be essential because for many meteorites . i
the infrared reflectances (particularly those for the carbonaceous chondrites and the irons) !

) f4 do not vary sharply with wavelength in the 1 to 3 um interval. But, even when bands ‘ ‘\‘;
R (arising from solid state transitions in minerals) were present, the features were observed i Y
R 5 to be typically 0.5 um or more in width. Therefore, existing astronomical infrared band- ‘ SR

L R passes and, more important, existing systems of standard stars are suitable for asteroid P2
P £ photometry . SRS
) .
|
B ! ! ‘“
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The first asteroid study with this technique was carried out by Johnson et 2i (1975)
who observed Ceres, Pallas and Vesta. They were able to use published V bandpass phntom-
etry for these asteroids to derive the asteroidal reflectances at 1.25, 1.65ond 2 2 m.
However, they noted that simultaneous visual wavelength photometry would be necessary for
any other asteroids observed by this technique because of the large uncertaintics 1n the
instantaneous apparent visual magnitude due to (1) lightcurve, (2) aspect, ar: (s) pha:e
effects. Chapman and Morrison (1976) and Leake ¢# al. (1978, have reported J, H, and ¥
photometry for 433 Eros and about a dozen other asteroids. Veeder et q7. (1976. 19 7,
1978) have observed 30 asteroids at 0.56, 1.6 and 2.2 um and derived the relative infrared

reflectances fcr these objects. Lebofsky (1977) has extended this technique to 3.45 um
for Ceres.

Photometry and spectroscopy are complementary techniques. For example, over the Tast
several years the sensitivity of infrared astronomical interferometers has increased dramat-
ically. Such an instrument has been applied to the asteroids and high resolution s-.ectra
of 4 Vesta, 433 Eros, and 1 Ceres are now available (Larson and Fink, 1975; Larson et al.,
1976; Feierberg et al., 1977). These spectra allow precise band centers to be determined
and as such are very important for compositional identifications. Based on the statistics
of asteroid types (Chapman et al., 1975; Zellner and Bowell, 1977), we estimate that more ‘O
than 80% of the asteroids will exhibit infrared spectral reflectances which are essentially ‘
linear. In these cases the main task is to determine the slope of the spectrum by photom-
etry. The remaining asteroids, especially if they have apparent bands or peculiarities in

their photometry or spectrophotometry, become prime candidates for high resolution infrared
spectral investigations.

The purpose of this section of this paper is to assess the state of asteroid infrared
reflectance measurements and the advantages offered by Earth orbit and spacecraft observa- T
tions. The second section deals with thermal radiation emitted by the asteroids and the
third section discusses future observations of asteroids from space.

Infrared Photometry I ; '

The available infrared reflectance data for astercids have been drawn together in
Tables 1 and 2. The only published reflectances at 1.25 um are those oi Johnson et al.
(1975). However, magnitudes published by Chapman and Morrison (1976), Leake ¢t al. (1978), ,
and Lebofsky (1978) are used here together with the observations of the same asterolds by .
Veeder et al. (1976, 1977, 1978) and solar data from Jo.nson et al. (1975) to compute

1.25 um reflectances. The method by which this was done is described in footnote 3 of Do
Table 1.

Figure 1 shows the infrared results for three asteroids and the 0.3-1.1 um spectro-
photometry published by Chapmon et aZ. (1973). Vesta has a relatively high infrared re-
flectance, while the infrared reflectanc s of Ceres and Pallas are distinctly flat or low.
A hic* infrared refioctance compared with that at 0.55 um is tvnical of many silicate min-
erals and rocks (Hunt and Salisbury, 1970) and most meteoritic materials (Chapman and
Salisbury, 1973; Gaffey, 1974, 1976). On the other hand, flat infrared curves such as
those of Ceres and Pallas are unusual for ordinary terrestrial rocks, but are apparently
common in the asteroid belt. Johnson and Fanale (1973) found that some carbonaceous chon-
drites and laboratory mixtures of carbon black and silicates have flat spectral reflec- '
tances as well as low albedos. The scaled reflectance plot {Figure 1) allows direct com- '
parison with spectral features of meteorites without confusion from slight overall albedo
differences due to laboratory methods, grain size, or sample packing characteristics.
Care must be taken, of course, to compare materials with generally similar albedos: for

example, pure enstatite and carbon black have similar visual reflectance spectra but
greatly different albedos.
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Table 1. Infrared Reflectances
R
Asteroid A - Type6'7 Footnote
4 . 1.25 um 1.6 ym 2.2 ym
| . e e e e e e n o~ ot em e e e mamm 2 = ot e e e+ e e e e v mm e
i 1 Ceres 0.98 ¢+ 0.09 0.99 « 0.09 1.08 + 0.09 C |
0.94 + 0.13 1.03 + 0.10 4
Pallas 1.05 +» 0.09 0.97 + 0.0 1.05 ¢ .09 C 1
0.79 + 0.08 (.83 + 0.08 4
Juno 1.19 « 010 1.80 » 010 N 4
Vesta .18« 01 1.29 » 0.14 1,8
1.10 - L. 1.6 + 0.07 4
Astrace 1.15 ¢ 0.16 1.25 ¢+ 0.10 1.30 » 015 S 3,4
Hebe 1.15 « .15 1.2V « 0.09 1.30 « 000 S 3.~
iris 1.16 ¢« 0.10 1.31 « 0.09 1 44 +» 0,09 S 3,4
I lora 1.25 ¢+ 0.12 1.42 « 010 1.56 » 0.1 S 4,10
detis 1.27 « 0.09 1.45 + 0.10 S 4
Hygiea 0.96 + 0.07 1.06 ¢+ 0.10 c 4
Victoria 1.51 « 012 1.72 + 0.13 S 4
Irene 1.39 + 0.08 1.82 « 0.1n S 4
funomia 1.21 + 0.09 1.24 + 0.08 1.38 « 0.08 S 4,10
Psyche 1.14 + 0.09 1.37 » 0.1Q M 4
Fortuna 0.97 + 0.1 .16 « 0.1 C 4
Massalia 1.28 « 0.09 1.3 « 010 S 4
Kalliope 114 » 0,12 1.46 ¢« 0.1 M 4
tuterpe 1.26 +« 0.11 1.37 « 0,10 S 4
caetitia 1.38 « 0.08 1.49 « (.08 S 4
Harmonia 1.3+ 0.1 1.46 « 0. N N 4
Ariadne 1.43 + 012 1.47 « 0.10 S 4
Nysa .03 « 012 .16 - o t 4
l Nemausa 1.24 + 013 1.)8 « 010 C 4
Ausonia 1.60 « 010 1.70 « L1 S 4
3 129 Antiqone 1.02 +« 0.10 1.8 0.07 1.35% + Q.08 N 3.4
] 192 Nausikaa 1.47 « 0.07 1.67 « 010 S 4
) 230 Athamantas 1.33 « 015 1.% » 0.1 S 4
B 349 Dembowska 1.38 + 0.10 T.u7 « 018 - 4.9
i 354 Etleonora 1.48 » 0.14 1.o9 ¢ 0.16 $ 4
Pt 433 ros 1.3 £ 0.14 L6 0 1.7 0. s 2.3
= 511 Davida 0.85 + 0.11 1.03 » 0.08 1.19 + 0.08 c 3.4
1 1976AA 1.5 «+ 023 - )
i 1 Lohnson vt . (1975).
1
|

» .
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9250 The tabulated errors are estirate. onlv, haviny been o puted
the ervors an N’\\‘\h‘mld and R\(.‘ Soom) are randon,

Weeder or gl (19 aY]

Seeder (¢t (1000,

Elype Coand S Classitications e detned by Chapman e [REAS
Tlypes Moand bohave been disowsed BaoJeliner Lot (1 s Y Jelner and tradie (1900,
(1970), Morerson (10 b o), Jelleer O b oY Mateon e b
Bowell (19°7Y, veed ool 10 Moo (1978 Celdner (aaY e
(1977, Motord {1 )
BRacaltac achon ot
Wlivine plus wetaly oo, Gar? CMUCord (100) ond Veeder |

OThese values ot Ry U 00 Y hac oeen comated tron the pubty
(19°3) as an boutnore 3.

aten the assumntion that

Chapman
Y Celner and
e battey and Mogord

Gl (rarsy,
dhed R e tades ot Leake o ool

129

'

. ¥ | i |
e L-.._ VO G BT R

v — ke e e

[ I

-

a
-
N
e
!
i3
3
;"“
i
i
N
R
IS
H
1
LR
'
t
t
A
\
Ry
.
)
! '
]
f
.-
v 7
'
-
i i
\
[
1
.
\ .
.
;
{
-
.-
L3
.
f
]
1
i
]
\l
-
g
N
«
N
.
. 'Y
i R
)
4o



r,

REERNSES SN

ISR R T B r SURE AR
| RN Bk 4 X 4
4 ' 1 | . . . ' Ve
rt { »i ,.
1
% S Ri3 %
g
Table 2. Observations of Ceres by Lebofsky (1978) P
LR
A
Reflectance R, SR !
Wavelength Magni tudes Model Limits? M
—_ Nominall oo SR
m), ox Upper Lower i .
I 1.25 (J) 6.41 0.02 0.98 0.02  0.98 0.98 T
T* . 2.22 (K 5.89 0.01 1.07 0.01 1.07 1.07 oo
k 3.03 6.23 0.05 0.75 0.04 0.75 0.74 o -
4 1. 3.12 6.19  0.02 0.77 0.02  0.76 0.75 f
1y 3.43 5.77 0.02 1.12 0.02 1.06 0.97 o
S 3.45 (L') 5.74 0.01 1.16 0.01 1.08 0.98 I
Ly Scaled to 1.0 at V (Johnson et al., 1975). Before thermal flux removed. Co
N 2Thermal flux removed. The upper and lower limits are due to the uncer- L y oot
[ S tainty in the removal of the thermal flux. SRR IEA
i :. ) -;n: ( i H
N S
ﬂ, b
i~ e b
'?P 1{ ¥ ‘ :
'd -
‘ Fig. 1. Normalized spectral reflectances ' ‘ ' ' ' ; ; )
for 1 Ceres, 2 Pallas, and 4 Vesta, com- L6 ’ "] : Co 0t
pared with laboratory data for several Lak JKAPOETA f L f.s
meteorites. The 0.03-1.1 um asteroid How 1 .
data are those of Chapman et al. {(1973). 1.2} {s10Ux counTy ! 3 -
Meteorite curves are from Johnson and =] Lok * {Euc o Vo
Fanale (1973), Chapman and Salisbury z " , ‘
(1973), and Gaffey (1974, 1976). The S 0.8k J '
| bars near the top indicate the full width o b
! at half-minimum of the infrared bandpasses. & - 7 \ 3 1
S L2} 1 j
S , 3 MiGHE! Lo -
] é 1.0r | _—% c2 : e
: S o8} (2) PALLAS - Lo
3 MIGHEI :
1.0f 12 ¢2 :
G ! .
0.8 (1) CERES 1
0.6»* .
05 L0 L5 20 23 !
WAVELENGTH, z2m | i .
K V-
g ‘ v
t ‘ { .'T
‘ v
:'1 | k)
130 . A
ORIGINAL PAGE 15 P
OF POOR QUALITY } o
o A N I A | ? |
' __L__ 1 ‘ ' Y b L 1
o —. - - ———t o e d b —— - e mtn - d e e ek ca——— | p— —




e v —————

L . - ,
ﬁ}“g}i‘p"f,f' E N

-
3

.
catr W

Doee
.

SE

R R

FE

Infrared reflectance data are quite useful for asteroid classification; /., Matson
This can be shown in one way by plotting the visual geometric albedo ver-
On this plot the C asteroids are clearly separated from
The cluster of potits to the right contains not only S but also the M aster-
Several peculiar asteroids stand out on this plot.

tE asteroid
44 Nysa has a very high albedo, perhaps in excess of 0.3 or 0.4 (2Zellner, 1975; Morrison,
Zellner (1975)
and Zellner et al. (1977¢) have suggested that Nysa is of an enstatite-achordrite-like

? Pallas and 51 Nemausa represent the extremes of low albedu asteroids ob-
suggest that we are seeing 2ither a surface

et al. (1977a).
sus Ry(2.. um) as in Figure 2.
the others.
aids 16 Psyche and 22 Kalliope.
4 Vesta is the best understood in that it is known to have a basaltic surface.

1977a,¢), but has an Ry(2.2 um) otherwise characteristic of C asteroids.
composition,

served in the infrared. The data of Figure 2
compositional or a surface morphological sequence within both the € and b classes.
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Fiq. 2. Geometric albedo vi. retative reflectance at 2.2 um. The albedos

were determined by the radivmetric method and are from Morrison (1974,

1977a), and Morrison and Chapman {1976). Typical error bars {estimated
relative error) are indicated.
et al. {1975). Use of radiometric albedos from Mansen {1976a, 1977) or

polarimetric albedos from 7ellner and Gradie {1976) would also result an
a similar diagram,

from an inspection of lable 1 it 15 obvious that asteroias that have larqe values of
This is illustrated by plotting the two
The meteorites.
which are natural samples frcm space, provide a logical set of objects for comparison with
Using the laboratory data of Gaffey (1974,

Ra(1.6 um) also have high values of R\(2.2 um).
reflectances in Fiqure 3. Once again the C and S objects arc separated.

the telescopically observed asteroids.
plot the relative infrared reflectances of meteorite samples in Fiqure 3.

The asteroid types are defined by Chapman
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The meteorite data more than span the range of the asteroid data.
ceous chondrites which are as low in infrared reflectance as 2 Pallas and there are irons
and mesosiderites which exceed the redness of the reddest known asteroids.
of the meteorites which are as red as the reddést asteroids have a significant metallic
However, when Figure 3 is considered in detail it remains obvious that there are
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Fig. 3. Comparison of asteroid and meteorite data on a color
plot: Rx(2.2 um) versus R (1.6 um). The asteroid data are
from Veeder et al. (1978). The meteorite data are from
Gaffey (1974, 1976). While the meteorites plotted here are
unlikely to be fragments from any of the asteroids shown,
they do provide 2 set of natural compositional hypotheses.
For example, the reddest asteroids fall among the data for
iron and mesosiderite meteorites. It now appears that the
known space weathering processes do not operate significantly
to redden asteroids. Thus, the presence of a metallic phase
is strongly suggested (Matson et al., 1977b). As one can see
in the above plot, several compositional hypotheses appear
able to explain the 1.6 and 2.2 um infrared reflectance data.
Further optical tests will help to distinguish between them,
or perhaps will point to a closely related composition not
currently represented in the meteorite sample. This has al-
ready proved to be the case for Vesta.

There are carbona-
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asteroids which do not correspond to any of the meteorites thus far measured. On the
other hand, there are clear examples of types of meteorite materials which have not yet
been observed telescopically. The olivine achondrites provide a case in point.

It may be significant that the carbonaceous chondrites do not exactly coincide with
the C asteroids. The C asteroids tend to be redder, having a higher reflectance at 2.2 um
relative to their 1.6 um reflectance than the corresponding meteorites. This effect cannot
be easily explained by reddening the reflectance curve due to particle or grain size effects.
Johnson and Fanale (1973) measured meteorite reflectances as a function of grain size. Ex-
amination of their data for the C2 meteorite Mighei, for example, shows that this type of
reddening would move the plotted meteorite data along the trend of the meteorite data al-
ready plotted in Figure 3 and not perpendicular to it. There is also the possibility that
the meteorite spectra have been affected somewhat by Earth weathering (Gaffey, 1976). Of
course, the sample of meteorite data is not complete. Furthermore, there are cases of
samples of the same meteorite being considerably different. The €1 meteorite Orgueil pro
vides such an example. The effect of phase on Ra{1.6 um) and R;(2.2 um) has been investi-
gated by Veeder et al. (1978). They find no significant variation. This led them to the
conclusion that the 1.6 and 2.2 um phase coefficients are similar in magnitude to that in
the visual. Color dependent photometry calibration, or the H-K solar color, might be in
error by 0.1 magnitude and cause the { asteroids not to coincide with the carbonaceous chon-
drites, but we do not think that this is a very likely possibility. Zellner et al. (1975)
have also noticed a similar effect in the UBV data. Thus, we are not yet able to detail the
nature of the differences in terms of either composition or morphology, although the general
agreement in albedo and shape of the reflectance spectrum between C asteroids and carbona-
ceous meteorites remains evidence that they are compositionally similar.

Space weathering or the alteration of surface optical properties on a planetary object
as a result of exposure to the space environment has been a source of concern ever since it
was realized that the lunar soils are different from the optical properties of rocks or rock
powders. The effect of maturation on the optical properties of lunar soils is a systematic
darkening and "reddening," or steepening of the reflectance spectrum continuum. At the op-
tically "young" stage are the fresh crystalline rocks and powders, as seen in the laboratory
and in the rims of fresh, young craters on the Moon. These rocks exhibit high albedos and
reflectance spectra which are typically flat and have one or more electronic absorption
bands (see Adams and McCord, 1971). At the optically "mature” end of the scale are the mare
soils having low albedos and very red reflectance spectra without strong bands.

The optical maturation of asteroid regoliths has been studied by Matson et al. (1977b]
and compared with the lunar example. They found: (1) that space weathering has not signifi-
cantly altered asteroid optical properties; (2) that the most probable reasons for this fact
relate to the lack of optically mature impact regoliths on low gravity objects; and (3) that
within this context comparisons of asteroid spectra with powdered (but “unweathered") meteor-
ite and other rock samples are valid.

Recently a search for absorption bands due to H.0 on asteroid surfaces has been ini-
tiated by Lebofsky (19/7, 1978). In the 3-4 u.m wavelength reqion of Ceres' spectrum he
found evidence for the presence of water of hydration (see Table 2 and Figure 4). This
spectral feature was confirmed subsequently by Feierberg ¢ al. (1977). 1In Figure 4 the
results have been rescaled to Ry ag = 0.98 (Ry «¢ = 1.0) and plotted along with the shorter
wavelength data on Ceres (Chapman ¢t al., 1973; Johnson ot af., 1975). The normalized re-
flectances of three different meteorites have also been plotted for comparison. An absorp-
tion feature can clearly be seen in the Ceres spectrum and appears to be centered around
3 um. Also, the general shape and depth of the curves in the 3-4 um region are fairly simi-
lar to that of the Type 11 carbonaceous hondrite Murchison and differ significantly from
the other carbonaceous chondrites. Com. .rison with other laboratory spectra of meteorites
confirms the similarity to the spectra of Type Il carbonaceous chondrites. Analogy with C2
composition suggests the presence of abc % 10-15% water in the form of water of hydration
on the surface of Ceres. This is the first evidence of water in the surface material of an

asteroid.
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Fig. 4. Comparison of the spectrum of Ceres with three laboratory
spectra of carbonaceous chondrites, scaled to 1.0 at V. The 2.5-
4.0 um spectra are unpublished data from Salisbury: (1) Orgueil,
C1. 0.3-2.5 um, Johnson and Fanale (1973); (2) Murchison, C2. 0.3-
2.5 um, Johnson and Fanale (1973); (3) Karoonda, C4. 0.3-2.5 um, )
Gaffey (1974). Ceres data from 0.3-1.1 um are from Chapman et al. e
(1973). Infrared data for Ceres are from Lebofsky (1978). The Vs
twe sets of points at 3.43 and 3.45 um give upper and lower limits ‘
after removal of thermal flux.
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Infrared Spectroscopy

Advances in infrared detector technology and availability of large astronomical tele-
scopes have made it possible to apply the techniques of Fourier transform spectroscopy to
asteroids. So far, Vesta (Larson and Fink, 1975), Eros (Larson et al., 1976) and Ceres .-
(Feierberg et al., 1977) have been observed. In the next few years a spectral resolution '
of 50 cm™! will become available for many asteroids brighter than about eleventh visual
magni tude.

e
ki eminalerd

‘A The infrared is a key spectral region for absorption bands and the determination of

- band cent.rs and shapes 1s essential to precise mineralogical identifications. Partly for
historical reasons, the contribution thus far of infrared spectroscopy has been confined to
performing detailed checks on compositional hypotheses formulated on the basis of other types
of data. In the future the importance of this technique will grow as scientific interest
demands ever more precise identitications of surface compositions. |
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THERMAL EMISSION
Introduetion

The study ot thermal emission radiation from asteroids has yielded a way to determine
their sizes and albedos. Results are now in hand for some 200 objects. Asteroids as a
whole are found to be larger and darker than was previously supposed. The typical Bond
albedo of an asteroid is a few percent. Objects this dark absorb almost all of the sun-
light that reaches their surface. The absorbed power heats the surface and eventually
leaves the asteroid as thermal radiation concentrated in the infrared spectral region.
Thus asteroids are relatively easy to detect at wavelengths of 10-20 um.

To a first approximation, the thermal emission from an asteroid surface has a black-
body wavelength distribution (Gillett and Merrill, 1975; Hansen, 1976b). However, for
the purpose of size determination, the range of available phase angles is not adequate to
determine the angular distribution of infrared radiation, and thus photometric-thermal
models must be constructed in order to account for thermal emiscion in the directions which
cannot be observed from the Earth. The size and albedo of the asteroid are derived -, us-
ing such models to equate the solar insolation with the sum of the total thermal emission
power and the power of the scattered sunlight. For a spherical asteroid the balance be-
tweer incoming and outgoing radiation may be represented by:

2n m

wR2(1 - A)So = geo R [ [T%(e,s) sin ¢ d¢ de (1)
00

where R is the radius of the asteroid, A is the bolometric Bond albedo, Sg is the solar
constant, B is a normalization constant (of order unity) whose value is determined by the
angular distribution of the thermal emission, ¢ is the emissivity, o is the Boltzmann con-
stant, T(e,¢) is the temperature at a point on the surface at longitude & and latitude ¢.
The Earth and Sun are both in the equatorial plane of the coordinate system at 8=0, ¢=0.

Photometry of thermal emission from asteroids has been obtained by Low (1965, 1970),
Allen (1970, 1971a), Matson (1971a,b), Cruikshank and Morrison (1973), Morrison (1973,
1974, 1976, 1977a), Morrison and Chapman (1976), Morrison et al. (1976), Hansen (1976a),
Cruikshank {1977), Cruikshank and Jones (1977), and Lebofsky et al. (1978). Quantitative
descriptions of the methods of deriving albedo and diameter from thermal infrared observa-
tions have been given principally by Allen (1970, 1971a), Matson (1971b), Morrison (1973,
1977¢c), Jones and Morrison (1974), Hansen (1977), and Lebofsky et aZ. (1978). The albedos
of asteroids determined by the radiometric method compare well with those found by the
polarimetric method. (The polarimetric method is an empirical relation between geometric
albedo and the slope of the linear polarization at visual wavelengths as a function of
phase angle (Zellner and Gradie, 1976).) Earlier differences between many of the radio-
metric and the polarimetric diameters (cf., Chapman et al., 1975; Hansen, 1977) have been
resolved by the recent recalibration of the polarimetric albedo-slope relationship (ef.,
Zellner et al., 1977b, as well as Morrison, 1977c). Approximately 50 asteroids have been
well observed by both techniques (cf., review by Morrison, 1977¢). A few diameters ob-
tained from analyses of speckle interferometry, radar, radio, lunar occultation and stellar
occultation data agree (within their estimeted uncertainties) with the radiometric diam-
eters. The use of radar is a promising new technique in asteroid studies. Diameters have
been derived for 433 Eros and 1580 Betulia. The radar and visual polarimetric observations
of Betulia are interesting because they dc not result in a diameter in agreement with that
obtained by the radiometric method. The resolution of this problem is the subject of a
section of this paper.

In the following sections, three photometric-radiomeiric models used for interpreting
radiometric data are discussed (see Table 3).

135




oy g1 NN P oL v} N .
L " ' } \* AR é '-r-"..zi,,‘,}yoff ;,}]f
P ’ e N

1
AEAR I S -
- l J . .‘J‘ [T D LA S ~—a - i 8 ‘. . ;

+

)
[

s B | t»
‘ Radiometric Model 1: Lunar-Type Surface XLJ‘
P - e
- The cratered surfaces of Mercury, the Moon and Mars as well as Phobos and Deimos are evi-! *
o dence of an intensive bombardment history. There is every reason to expect that the aster- | -
oids have alsc been bombarded and that their surfaces are heavily cratered. This type of

history was also experienced by some of the meteorite parent bodies as pieces of their '
surface regoliths have reached the Earth as gas-rich, brecciatad meteorites (of., Wilkening,

1976; Rajan vt al., 1974, 1975).
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. A The larger asteroids are expected to possess well-developed regoliths. Once gravity

.ﬂ? : differences are taken into account, thesc reqoliths should resemble in many ways that of Py
k ). the Moon. For example, the asteroid Vesta (~55u .= in diameter) has sufficient gravity
" I that more than 95% of the ejecta from impact craters tu.lls back to the surface. There, as f

; on the Moon, material may be reworked by subsequant impacis (Chapman, 1971, 1976, 1978, > b

Matson, 1971b; Gaffey, 1974, 1976). Although asteroidc are small, the above statements
can be made with considerable certainty because mass determinations are available for
Ceres, Pallas and Vesta (Schubart, 1974, 1975; Hertz, 1968) and because laboratory data on
impacts into hasalt (Gault et al., 1963) can be used to provide a worst case analysis lead-
ing to the same conclusions. This reasoning is consistent with the negative polarization
branch of the light reflected from asterciis at sma'l phase angles which indicates that
their surfaces are covered with dust. Thus, it is reasonable to assume that the surfaces *
of the larger asteroids are porous or particulate. ‘
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The lunar-type 'odel was pioneered by Allen (1970, 1971a) and Matson (1971a,b) and was
) the first model used to obtain asteroia sizes and albedos from infrared photometry. Further
,g ! } . development and extensive aoplication of this model has been done by Morrison (1973, 1976,

LY R

1977b,¢), Jones and Morrison (1974), Hansen (1976b, 1977) and Chapman ¢t /. {(1975). |

Model 1, whose paiameters are tabuiated in Table 3, uses the photemetric and thermal
properties of the lunar mare to define a model for asteroid surfaces. This model corre-
] sponds to a slowly rotating body of relatively low thermal inertia. The following assump-
' tions are made: (1) isotropic emission from each surface element. {2) negligible emission
3 from the non-illuminated side, (3) emissivity constant with waveiength, and (4) no conduc- Co,
. §‘ v tion of heal to depth. A closely related varian. allows for the possibility of nonisotropic .
) P emission from surface elements on the asteroid, {.¢., emission peaking toward zero phase as : / *
!
+

Merivg e
~

has been observed for the Moon by Saari and Shorthill (1972). This can be approximated by Vo«

. setting 8 = 0.8-0.9 and leaving T(e8.$) unchanged (however, the subsolar temperature in- '
4 creases); of., Junes and Morrison (1974). A recent remodel due to Hansen (1977) also ‘ '
: accounts for some backside emission. The result of such corrections for nonisotropic emis-

o j sion is on the order of 5-10" reduction in the derived diameter of the asteroid. .

i
1 Table 3. Mcdel Parameters

Parameter Model 1 Model 2 Model 3

Analogy Lunar Surface Rock Iron Meteorite
Thermal Response Low Therrial Inertia High Thermal Inertia High Thermal Inertia
Rotavion Slow Rapid Rapid

B 1.0

=

Emissivity, « 1.0 1.0 0.1 \
¢ K ; : T ¥ \
T{e,4), l8] < 90 Tmax €OS '8 €OS "¢ Tmax cos:¢ max cosl¢ ‘
e} ~ 90 0 Thax €OS'¢ Tax €058 ',
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The lunar-type model has been used to interpret the photometry of thermal emission
from about 200 asteroids. A recent review of this effort has been written by Morrison
(1977¢). A table of diameters appears in this volume (Morrison, 1978). Diameters of Vesta
have beern determined by three other methods. The results are compared in Table 4.

Table 4. Vesta's Diameter by Dif.erent Methods

Method Di?rzger Reference

Radiometry* 538 + 54rx Morrison (1977a) i
Hansen (1977)

Polarimetry 536 + 54 Computed from data in
Zellner et al. {1977c)

Radio 567 + 41 Computed from data and
model of Conklin et al.
(1977)

Speckle Interferometer 513 + ” Worden et al. (1978)

H
)

B B O *Model 1
t X X **Fstimated error
.{

i ) Radiometric Model 2: Rock Surface

: While the possibility of the faiiure of some of the assumptions used in the infrared {

o method has been considered previously (Matson, 1971b, 1975), the data recently obtained fu:
i A £ 1580 Betulia by Lebofsky et al. {1978) provide the Tirst concrete example where Model 1

i

{

does not give results consistent with those obtained by other methods. Based on a compari-
son with the diameters determined from visual polarimetric (Tedesco et al., 1978) and radar :
data (Pettengill, personal communication), it would appear that Model 2 as describad in .
Table 3 better represents the actual temperature distribution on the surface of Betulia.
This model would imply that the surface thermal properties are dominated by material of
B high thermal inertia (e.g., rock). While at first this would appear %0 be in disagreement
- with the polarimetric results which indicate a dusty surface, any discrepancy would be re-
solved, if, for example, the rock is covered with a very thin layer of dust.

Clearly, it is possible that the surface of such a small asteroid could consist only
of bedrock. However, it is more likely that some regolith is present. B8locks as large as
the thermal wavelength (~20 cm) or larger can be presen. on the surface without significant-
ly reducing the thermal inertia. The effect of such boulder fields has been considered
previously in studies of lunar eclipse and lunation cooling data, where they provide an
effective means to retain heat inte the iunar night (Fudali, 1966; Allen, 1971b; Mendell
and Low, 1975). If the polarimetric diameter of Betulia is assumed to be correct, it is
then possible to use the requirement of high thermal inertia to place a 1imit on the amount
of fine grain material present. The limit on the areal coverage {(using a lirear combination
of Models 1 and 2) of this material is $40% (Lebofsky et al., 1978). \
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Parameters for Mode! 2 are indicated in Table 3 and the results are shown in Figure §
for representative objects in the main belt (i{.e., P = 2.7 AU). The main differences of
these spectra from those of Model 1 are that a significant amount of thermel emission is
shifted to large phase angles (in particular to the night hemisphere) so that the apparent
infrared flux observed at the Earth is reduced relative tc Model 1. In additiern, the

effective temperature is lowered so that the radiation peak is shifted to sligntly longer
wavelengths.

e

e

-

-
R

.20 .
| 4 10
P 4
F o -
A €
. A
= I
; o |
. $ 1072}
j :
: >
D
—t
.
.22 .

10

c 02 1.0

METAL .02 9.1
. 1 | A i I\ 1
I 5 10 15 20 28 30

WAVELENGTH, . m

Fig. 5. A comparison of the spectra for C and S
asteroids (Model 2) and a metallic asteroid (Mode! 3)
with radii of 1 km at a solar distauce of 2.7 AU rer-
resentative of the main belt Relatively rapid rota-
tion with high thermal inertia results in a siqnificant
amount of thermal emission from the night side and a
decrease in infrared flux observed at the Earth. Rapid
rotation also lowers the effective temperature relative
to Model 1 and shifts the peak of the thermal emission
to longer wavelengths. The low emissivity characteris-
tic of metailic surfaces increases the effective temper-
ature and shifts the peak of the thermal emission to
shorter wavelengths.
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Radiometric Model 3: Iron Surface

With modern advances in infrared technology the limiting magnitude to which astronom-
ical objects can be observed has become much fainter. In the future advanced instruments
such as the Infrdared Astronomical Satellite, Space Telescope and other spacecraft will lead
to other significant advances. A few years from now, it will be possible to observe main
belt asteroids with diameters as small as tens to hundreds of meters. In this size range
it is Tikely that a number of metal asteroids, analogous to the iron m¢:worites, will be
discovered. In fact, some larger metal-rich objects have already been suggested on the
basis of reflection spectroscopy (McCord ani Gaffey. 1974; Gaffey and McCord, 1977; Matson
et al., 1977a; Veeder et al., 1978).

With these considerations in mind we have started an investigation of Model 3. Tuis
model corresponds to a homogeneous metal sphere. As such, it has low emissivity and very
high thermal iaertia, as indicated in Table 3 and shown in Figure 5. As in Model 2 a sig-
nificant amount of infrared flux is emitted at larce phase angles. The low emissivity
raises the effective temperature of the model surface and shifts the radiation peak to
shorter wavelengths. The assumption of a low albedo for such an object is as yet only a
guess. The chief result of this exercise is to determine the gross characteristics of the
thermal spectrum and to develop criteria for recognizing metal-rich asteroids.

DIRECTIONS FOR FUTURE INFRARED RESEARCH
There are a number of problems toward which work can be directed profitably:

a. It is important to determine if the degree of redness (e.g.,
Ry(2.2 um) can be correlated quantitatively with the metal
content {cf., McCord and Gaffey, 1974; Gaffey and McCord,
1977).

b. The presenc? of significant amounts of metal has implications
which need to be studied for the radiometric and the polari-
metric methods of asteroid size determination.

c. It is important to extend the size of the sample of observed
asteroids and meteorites. For example, the Trojan asteroids
are known to be significantly different trom other asteroids,
as w§]1 as unlike any laboratory sample {McCord and Chapman,
1975).

d. Theoretical studies should be conducted on the origin and
evolution of the asteroids using the asteroid refiectance
data as well as the meteorite data as boundary conditions.

These and other ground-based efforts will: (1) identify interesting asteroids as
potential targets for snacecraft missions, and (2) characterize the asteroids as a whole
so that detailed observations from spacecraft visits to a few can be placed in proper con-
text and be used to further understand the origin and evolution of the solar system.

Asteroid observers in Earth-orbit will immediately have the entire thermal emission
spectrum available to them as well as all the diagnostic bands in the infrared reflection
spectrum. In addition, observations from space have some engineering advantages. It is
possible to suppress thermal emission from the telescope and other instrument surfaces by
cooling them. Atmospheric emission background nc longer floods the detectors, and the
limit in performance is lowered to the level of the zodiacal light and of the detectors
themselves. The general levels of accuracy and precision are increased because corrections
for atmospheric extinction are not needed. The science return from these advances is
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expected to be great. Observations of the entire thermal emission and reflection spectra
will immediately result in improved thermal models and hence more accurate albedos and
sizes, and in better interpretations of surface composition. It will be possible to
search for compositional information not only via the model emissivity but also directly
by measuring any Reststrahling and Christiansen bands present. These bands are related to

the Si:0 ratio (i.e., the degree of polymerization of the Si0, tetrahedron) and the index
of refraction, respectively.

Flyby and rendezvous observations will give spatial resolution across the asteroid’'s
surface. This will allow the mapping of geologic units based upon their reflection and
thermal properties. Chief goals for spacecraft measurements of the reflected infrared
radiation (1-5 um) are: (l? to map the compositional units on asteroid surfaces at a
resolution of better than 1 km for large asteroids (such as Ceres and Vesta) and at better
than 1 m for small asteroids {1-10 km diameter), (2) to establish the variety of chemical
species present including discrete classes and m,xtures of, for example, ices, silicates,
oxides, and metals, (3) to study the variation of the degree of hydration within individual
units and from one asteroid to another, (4) to map the angular distribution of the scat-
tered infrared radiation and to use this information to infer surface texture and morpho-
logical and other properties which are otherwise not directly observable. Emitted thermal
data obtained at large phase angles and across the terminator will yield maps of the
thermal inertia. Strong constraints on regolith grain size will result. In addition, the
amount of bare rock or boulders exposed will be immediately apparent. The detailed study
of several asteroids by these methods will give the necessary absolute calibration for
future remote infrared observations from the ground or Earth-orbit.

In addition to the foregoing there is an experiment, conceptual in nature, that re-~
quires study and development before its implementation can be assessed properly. A small
scanning spacecraft at one of the Lagrange points of the Earth-Sun system can be used to
search for Apollo asteroids. These objects are relatively bright in the infrared and can

be distinguished readily from the celestial background by using their relative motion and
spectral signatures.

Such an experiment would scan a great circle on the celestial sphere,
thus defining a plane. Any object crossing this surface woulc be discovered, permitting
intensive study by all available techniques. A more sophisticated experiment might in-
clude the main belt asteroids. The scientific return from this experiment would include

a determination of the number density of asteroids as well as identifications according to
compositional types.

For the near future, the most important advances from space are likely to come from
the IRAS {Infrared Astronomical Satellite) observatorv scheduled for launch in 1982. This
satellite will be capable of carrying out a total sky survey in a number of infrared band-
passes reaching to a 10 um N magnitude of about 7 (Aumann and Walker, 1977). If appropriate
data processing can be carried nut to retrieve the asteroid observations, it may be pos-
sible to obtain radiometric diameters of essentially all of the asteroids with known or-
bits, thus increasing our catalog of diameters by more than an order of magnitude.
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DISCUSSION

McCORD: Can you say whether the H,0 bands observed on Ceres indicate water, or water of
hydration? It is a problem not only on the asteroid, but on the satellites as well.

MATSON: Clearly in the laboratory the spectrum of Murchison is due to water of hydration;
whether it is water of hydration on Ceres, I don't know.

MORRISON: I would like to make a skeptical comment concerning the use of thermal measure-
ments to obtain compositional data. Although some information on composition is surely
present, the fact is that no demonstration of the utility of thermal spectra has been
made, largely due to masking of compositional effects in real objects with regolith
surfaces. | expect asteroid thermal spectra will turn out to be nearly featureless
blackbodies.

VEVERKA: In your thermal models do you allow for nonspherical objects? Couldn't you
match Betulia's thermal spectrum by changing the shape?

MATSON: These models assume spherical shapes. Betulia was observed for a long time over
several nights, and the infrared Tightcurve indicates that shape is not important. The
nice thing about these lunar type models, if they work, is that the thermal conductiv-
ity is so Jow that each element is virtually in instantaneous equilibrium with sunlight.
If you put shape into the models, there might be only a 10 or 20% difference.

McCORD: Are you sure there is not an error in the flux measurement itself?
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MATSON: That was my first + _-tion but the observations were so closely linked with
standard stars that there is no way to question them. So we had to consider another

model based upon the fact that Betulia is a small object and at some size one should
start to see rocks instead of regolith.

ARNOLD: Let me ask how thick a dust layer you are assuming in your Model 2?
MATSON: It is too thick if it becomes a thermal impediment and reduces the thermal iner-
tia.

So it has to be thick enough, at least a few microns, to get the polarization

data but it can't be much more than a millimeter. If you had centimeters of dust,
it would be thermally insulating and the lunar type model probably would work,

ARNOLD: As I will say in my paper, if you are doing gamma-ray studies, the scale length
which determines whether you are looking at the underlying rock soil or the dust is

tens of centimeters. And if you are doing X-ray studies, the scale length is compar-
able to that for optical measurements.

SHOEMAKER: You couldn't distinguish a surface that was broken blocks whose dimensions are
typically tens of centimeters from a solid. You can have a regolith of very coarse
blocks.

MATSON: We see that on the Moon.

It is essentially like bare rock.
CHAPMAN: Isn't it the case that the 10 and 20 um data, which we have or can obtain, can
really distinguish between your Models 1 and 2 aad the metal model?

MATSON: Yes. However, you could gain a lot if you could go above the atmosphere or into
space and get data at about 7 um and at 30 or 50 um.
because the effect isn't as large compared to the errors in the data.

MORRISON: I published a graph showing 10 to 20 um color indices for about 35 asteroids in
1974. There were no anomalies. And since then I have looked at a nuch larger sample
amcunting to almost 100 observations and have seen no anomalies of the magnitude that
you have calculated for a pure metal model. Clearly smaller anomalies get lost. But

it is still interesting that there is a fairly substantial set of data which do not
show this effect. (Figure from Morrison (1974) follows.)
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i MATSON: When you start mixing metals and silicates it gets extremely complicated. But
| clearly if there is an asteroid with a great deal of metal on or very near the surface,
f it will be recognized by thermal radiometry.
,
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A boulder field is seen as a thermal anomaly after dark.

Using 10 and 20 um data is harder
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ASTEROID COLLISIONS, CRATERS, REGOLITHS, AND LIFETIMES

CLARK R. CHAPMAN

Planetary Seience Institute
Tucson, Arisona 85719

Collisional and cratering processes in the asteroid belt
fundamentally determine the physical character of the aste:-
oids, including their present numbers, sizes, shapes, spins,
internal properties, surface layer textures, and surface
topographies. Recent research on these topics is reviewad
here, in the context of both asteroidal science and poten-
tial mission-planning. Ground-based observational constraints
on asteroid collisional processes are relatively weak and in-
direct. What we believe we understand about these processes
results largely from preliminary attempts at theoretical
modeling and extrapoiation of experiments far beyond labora-
tory scales. Asteroids, including the larger ones, are a
thoroughly fragmented population of bodies if our extrapola-
tions of laboratory experimerts to very large scales are at
all correct. Interiors of most larger asteroids should be
thoroughly fractured. Surface regoliths are probably sub-
stantial, except on the smallest and strongest bodies, but
should be very poorly mixed in comparison with the lunar
regolith, Lateral heterogeneities are probably masked by
recent ejecta deposits, except on the smallest and largest
bodies. Phobos and Deimos are probably not saturated with
craters, but in any case do not provide exact anaiogs for
asteroidal cratering. Asteroid crater statistics will pro-
vide chronological information pertinent to only very recent

epochs of solar system history.

INTRODUCTION

The most important process affecting asteroids subsequent to the early epochs of solar
>ystem history has been their collisional interaction with each other and with the complete
size-spectrum of interplanetary debris. Of course our knowledge of "geological" processes
on asteroids must be based on inferences from remote observation and we may be surprised
once we examine an asteroid "up close." But most asteroids are very small and cannot re-
tain atmospheres or generate sufficient internal heat to drive geochemical or endogenic
geomorphological processes throughout a major portion of solar system history. Thus we
expect that the geological evolution of asteroids has been governed, as has that of the

Moon for the last 2-3 AE, by their collisional interactions.

Understanding the collisional evolution of asteroids is now arguably the most important
part of asteroidal science for several reasons. First, nearly every observable property of
asteroids can be shown to be determined by, or substantially affected by, collisions.
Asteroid sizes, shapes, and spins are believed to be due to collisional fragmentation and
inferences from telescopic observations concerning asteroid surface compositions and tex-
tures depend substantially on the nature and evolution rf asteroidal regoliths. A second
reason for studying asteroid collisional evolution is that collisions serve partially to
mask what asteroids might tell us about the early conditions during the accretionary period
of p.anet formation. A dominant reason for scientific interest in asteroids is, after all,
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that many of them are--at least compared with the Moon and larger planets--relatively pris-
tine and unaltered objects that preserve clues from the earliest epochs, provided we are
able to disentangle effects of subsequent collisions. Finally, it is believed that the
traits of many meteorites have been shaped by evolution in asteroidal regoliths and that
the delivery of asteroidal meteorites into Earth-crossing orbits involves collisional frag-
mentation in the main belt. The study of asteroid collisional and regolith production

processes, as constrained by the properties of meteorites, should help us to interpret
meteoritical evidence in a planetological context.

At the high relative velocities in the belt, collisions erode or fracture asteroids
as well as create regoliths. Asteroids are ultimately destroyed by catastrophic fragmenta-
tions which in turn “create" smaller asteroids. From the known diameters and orbits of
asteroids, typical collision rates among objects may be readily calculated. More compli-
cated is specifying the physical outcome of a collision, depending on the relative size of
the colliding boc es and on their physical nature (e.g., strength). Gross bounds are pro-
vided by conservation of energy and similar considerations. Thecretical and laboratory
scale experimental studies of cratering and fragmentation physics have been applied to the
problem, but we have no practical experience with collisions of the magnitude that shat.er
large asteroids. Also, we have only rough ideas about asteroid densities and strengths.
Astronomical observations of asteroid sizes, shapes, spins, and inferred surface composi-
tions provide some help in modeling collisional evolution as do meteoritical inferences
concerning shock pressures and regolith processing. In summary, some important bounds may

be placed on asteroid collisional evolution, but details remain a matter of informed spec-
ulation.

Several conclusions and important generalities that will emerge from this paper are
summarized here:

1. Collision rat2s and kinetic energies are sufficient to fragment
most asteroids well within the lifetime of the solar system;
thus most asteroids, excepting perhaps only the very largest,
are of a fragmental nature.

2. Many asteroids in excess of 100 km diameter are probably thor-
oughly fractured throughout their interiors.

3. Regoliths on asteroids are poorly mixed in comparison with the
lunar regolith, except possibly for very large asteroids.

4. Regoliths are thin or absent on small asternids, especially
those of strong rocky composition.

5. Unlike the Moon, for which most crater ejecta are deposited in
close proximity to the crater, asteroidal crater ejecta are
commonly distributed entirely around the body, tending to mask
any underlying lateral heterogeneity.

6. Straightforward approaches to interpreting crater populations on
Mars, Mercury, and the Moon cannot be directly applied to craters
on Phobos and Deimos, and none of these bodies serves as an exact
example of what we might expect on asteroids. Crater populations
on an asteroid will reveal the chronology and character of events
that have occurred subsequent to the last major fragmentation
event in which an asteroid has participated; since such events

occur frequently, asteroid cratering records generally will not
extend far back in time.
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The above conclusions, and other., to follow in this chapter, are derived from pre-
Viminary theoretical models and gross extrapolations of a few experiments far beyond labo-
ratory scales. Thus, as is the case for any scientific topic for which the observations
are mostly indirect, the analyses in this paper should be considered model-dependent
and in need of further verification by additional theovetical, experimental and observa-
tional work and uitimately by direct cxamination of asteroids from spacecraft. It would
be a mistake, however, tc regard the conclusions in this paper as being mere “quesses."
Asteroid collision probabilities may be calculated certainly to within a factor of two or
three. Given conservation of energy, assessing the possible range of collisional outcomes
then becomes a problem in understanding limits on the partitioning of the collisional kinet-
ic energy. Reasonable judgements on this matter constrain the paysical nature of asteroids
to a considerable degree, but the possibility remains that something is being overlooked.

This paper treats three major topics: collisions and fragmentation, asteroid regolith
models, and cratering on small bodies. Much of the paper is based on my own work in prog-
ress {in association with D. R, Davis and J. F. Wacker on collisional evolution and with
R. Greenberg, K. Housen and L. Wilkening on regolith models). There is little recent lit-
erature dealing with asteroid collisional evolution, except for certain specific topics
(e.g., Harris, 1978, for discussion of asteroid spins: Wetherill, 1976, for discussion of
asteroidal production of meteorite frayments and delivery to Earth). Work on regoliths has
dealt almost exclusively with the Moon so far (see review by Langevin and Arnold, 1977).
Interpretation of crater populations on small bodies (Phobos and Deimos) is in its infancy:
the present paper and comments elsewhere in this volume by Veverka constitute the only ex-
trapolation to astercids.

COLLISIONS, FRAGMENTATION, AND EVOLUTION OF THL SIZt DISTRIBUTION \

During the past decade, we have learned to measure dsteroid albedos and hence diameters
with considerable accuracy. Zellner and Bowell (1977) nave calculated bias-corrected diam-
eter-frequency distributions for the several spectral types down to 50 km for low-albedo
asteroids and down to 25 km for higher-albedc asteroids. The Palomar-Leiden Suvvey (van
Houten et al., 1970) provides data pe: Linent to asteroids as small as a few Kilometers in
diameter, but since albedos are not known, the PLS constroints are not very strona (see

Figure 1).

The rate of collisions between a target asterold of diameter Dy and a field of smaller
projectile asteroids of diameters D, to 0. is appronimately equai to the collisional cross
secticn of the target (nDg/4) times the number of asteroids with diameters between Dy and D,
(taken from Figure 1) times the mean relative velocities of asteroids (15 kmfsec) divided
by the effective volume of the asteroid belt (8.5 ~ 10-" km?, according to Dohnanyi. 1969).
Wether111 (1967} has shown that such particle-in-a-box calculations overestimate collision

Y

rates by factors of about 1.5 to 2.

We may usetully distinguish between two types of collisions: (a) those for which the
ratio y between target and projectile diameters is large. resulting in cratering and ero-
sion of the target, and (b) those for which the projectile is <ufficiently large (small y)
to result in catastrophic fragmentation of the target (defined as occurring if the larqest
object remaining after collision is ~50. the original mass of the target). Because the
exponent of power-law approximations to the incremental diameter-frequency relationship cf
asteroids has an absolute value <4, most mass (hence most kinetic enerqgy) resides in larger
asteroids; therefore the largest collisions are more important in destroying asteroids than
the cumulative erosion by small cratering events. But cratering is by no means negligible
and, in fact, is wholly responsible for creating asteroidal regoliths.

The fragments resulting from an asteroid collision {(whether comprising the entire mass
involved in a catastrophic collision or merely the ejecta in a cratering event) may be
characterized by the diameter of the largest fraament, the power-law descriiing the size
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Fig. 1. Diameter-frequency distribution for

asteroids. Points are bias-corrected ~ounts \~"LS FOR S ALBEDO

in increments of 0.05 in 1og diameter .

(Zellner and Bowell, 1977). Lines are pos- \\\ ' PLS FOR

sible fits and extrapolations, constrained \\ ', G ALBEDO

at small diameters by Palomar-Leiden Survey 800} <

data for two different possible albedos. \‘\\‘\

Figure reproduced from Charman et al. (1978). NN

(Courtusy Annual Review of Astromomy and \\ \

Astrophysics.) NN
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distribution, and the distribution of velocities. The fraction of ejecta traveling at

less than the gravitational escape velocity of the target falls back and contributes to the
regolith. The remaining ejecta escape and become individual asteroids or smaller debris in
their own right.

The previous three paragraphs have parameterized the problem. Let us now consider the
collisional physics and what 1ittle has been learned from theoretical modeling and Earth-
based experimentation. Cratering is somewhat better understood than is catastrophic frag-
mentation. Not only have more laboratory scale experiments been done on impacts into
semi-infinite targets, but nuclear explosion craters provide some basis for extrapolation
to larger-scale events. Moreover, computer codes have been written to model hypervelocity
cratering, not fragmentation, events. Nevertheless, a catastrophic fragmentation event may
be thought of crudely but usefully as the limiting case of a cratering event that consumes
a significant fraction of the volume of the entire target. Laboratory-scale fraamentation
experiments involving velocities in excess of 1 km/sec are reported by Moore and Gault
(1965), Gault and Wedekind (1969), and Fujiwara et al. (1977).

The kinetic energy of the projectile is partitioned into several forms of energy upon
impact. For rock-into-rock cratering impacts at 5 km/sec, 0'Keefe and Ahrens {1977) com-
pute that 20% of the energy goes into heating (including melting and vaporization) of the
projectile, another 20% into heating the target, and about 50% into plastic work and com-
minution. The remaining 10% is partitioned into the kinetic energy of the cjecta. An
experiment by Gault et al. (1963) shows the distribution of ejecta velocities as a function
of mass-fraction. The fraction of ejecta failing to exceed the escape velocity falls back
to the surface. It is uncertain to what exstent such cratering models are applicable to
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fragmentation events. But the aste "oid size-distributior is such that most catastrophic
fragmentation events involve target-projectile ratios only slightly larger than is suffici-
ent for fragmentation, so the events are not grossly dissiwm.lar from large cratering events;
hence one might expect roughly similar energy partitioning.

The most important variable, however, is thc physical nature of the asteroidal material.

Both dimensional analysis and actual experiments demonstrate that the energy (hence projec-
tile mass) mecessary to produce a specified amount of damage (e.g., crater of a specified
size or fragmentation of a target of specified size) scales roughly as the target strehgth.
Interpretations of spectrophotometry are consistent with some asteroids being similar to
carbonaceous chondrites, which have crushing strengths as low as 3 x 10® dynes c¢cm™?; others
may be of strong metallic composition with crushing strengths exceeding 2 x 10!¢ dynes cm" 2,
0f course asteroids may have bulk strengths much lower than that of their constituent mate-

rials if they are already fragmented, which might have resulted from previous coliisional
history (see below).

Considerable literature exists on energay/diameter scaling laws for craters, espe-
cially in rocky and sandy substrates. Much less 1s known about fragmentation events, but
experiments summarized by Greenberg et al. (1977) suggest tat the effective "impact
strengths" of materials are about two orders of 1 «gnitude less than crushing strengths;
i.e., a basaltic body of crushing strength ~10% dynes cm™< will be catastrophically frag-
mented if struck by a projectile with kinetic energy 210" ergs/cm3. Of particular impor-
tance to ast:roids is the fact that ejecta velocities from impacts into loosely aggregated
material (e.g., sand) are 2 orders of magnitude less than velocities from impacts into
rocks (Stoffler o2 aiZ., 1975); a general velocity dependence on strength is suggested and
it may apply also to fragmentation events, but the phenomenon has not been well documented.

For 5 km/sec asteroidal impacts, catastrophic fragmentation may be expected to result
when y < 18 for hard, rocky bodies, y < 7 for iron bodies (at temperatures above the duc-
tile/brittle transition), and y < 50 for very weak bodies. For "supercatastrophic" colli-

sions, involving y much less than the Yimiting values just listed, the excess energy produces

more comminution resulting in a smaller diameter for the largest fragment and a larger popu-

lation index for the fragmental size distribution (see discussion in Greenberg et al.,
1978).

In order for an asteroid to be "destroyed,” it must not only be tragmented, but the
fragments must have sufficient kinetic energy to overcome their mutual gravitational at-
traction. Roughly, this will happen if the portion of projectile kinetic energy that goes
into fragrmental kinetic energy (perhaps 5 to 10') exceeds the gravitational binding energy
of the target. In detail, it is required that most of the fragments, especially the most
massive ones, are accelerated to velocities exceeding the body's escape velocity. For
solid, rocky bodies <1C0 km diameter, any impact sufficient to fragment the body will also
be sufficient to disperse the fragments. But, for a larger, rocky body, it may be margin-
ally fragmented but fail to be dispersed; such an event converts the body into a "pile of
rocks" which no longer has substantial internal strength. Similar behavior would occur
for weaker bodies 210 km diameter. Such asteroids will not be dispersed until involved in
a "supercatastrophic" event that partitions sufficient energy into kinetic energy to over-
come the gravitational binding. Of course, when that occurs the largest fragment from such
an already broken-up body will be m~h smaller than the original body--to first order one

might simply assume the body has disappeared as an observable asteroid and been converted
into small interplanetary debris.

Chapman and Davis (1977) and Davis and Chapman (1977) have been investigating asteroid
collisional evolution models, employing ‘he paramet~rs and concepts discussed above. In
particular, they have considered the simultaneous collisional interaction of two populations
of asteroids, one consisting of strong bodies, the other of weak bodies. They have studied
the collisional evolution of the present astercid belt (c.g.. the bias-corrected populations

of Zellner and Bowell, 1977) as well as hypothetical augmerted early asteroid populations.
A number of important results are as follows:
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(1) The asteroids presently impact each ot >r with sufficient frequency that most
large asteroids must be expected to have been cai.strophically fragmented within the last
several billion years. Provided that 5% to 10% of the kinetic energy is available for
fragment dispersal, most large asteroids have lifetimes against disruption shorter than the
age of the solar system even with the present low population density. Thus those that we
see now must be eitner (a) fragments of rare larger bodies that chanced never to have been
converted into a "pile of boulders" by earlier catastrophic impacts prior to catastrophic
disruption; or (b) remnants of rare larger bodies that chanced to escape disruption and
have been whittled down by gradual erosion. Since the characteristic lifetime against
catastrophic fragmentation varies roughly as the square-root of the asteroid diameter, all
small asteroids must be regarded as being multi-generation and/or recent fragments of
larger bodies. These expectations are in accord with several observations: asteroid spins
are those expected for a collisionally evolved popuiation (Harris, 1978) and asteroid
shanes seem to be irregular except for asteroids sufficiently large and weak that gravity
induces sphericity.

(2) Asteroid size-frequency distributions are not expected to be linear on a 1ng-log
plot. It had been argued previously that all asteroids (Dohnanyi, 1972) or at least colli-
sionally-evolved C-type asteroids (Chapman, 1974) should exhibit such a linear distribu-
tion. But two effects lead to nonlinearities: (a) the effects of gravity holding together
fragmented objects until supercatastrophic collisions disrupt them, and (b) the interaction
of populations of different strengths. Figure 2 illustrates one run of the Chapuan-Davis
prcgram, resulting in nonlinear size-distributions for two types of asteroids that mimic
rather closely the observed distributions for C and S types.

T

1000

MODEL EVOLUTION

Fig. 2. Comparison of Chapman/Davis evolu- 9

tion model with observations. For this AFTER 4 x10% YR INPUT
particular run, initial size-distributions 300 Cc
were chosen (solid lines) to model the type N \

of scenario described by Chapman (1976). \

C and S asteroids were taken to have crush-
ing strengths of 5 < 107 and 2 x 10!9 dynes
cm-2, and densities of 3 and 5 gm cm-3,

simulating carbonaceous and iron-rich IOO#\ S
asteroids respectively. Impact strengths
were taken to be 6% of crushing strengths.
The mass of the largest fragment involved
in a supercatastrophic disruption was

taken to be one-eighth the original mass;
much smaller fractions, depending on energy
density, might be more appropriate and
would result in diminished production of
middle-sized asteroids. The dashed curves
show the evolved C and S populations after
4 = 107 years. Plotted for comparison are 10
bias-corrected frequencies of C and S

asteroids observed today (Zellner and

Bowell, 1977). The frequencies are per

interval of width 0.1 in log diameter.
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(3) The present asteroid population miy be a remnant of a much larger early popula-
tion (Chapman and Davis, 1975). Figure 2 ic typical of virtually all runs of the collision
evolution model in that irput populations orders of magnitude greater thar the present belt
(such as "input C" in Figure ¢) always decay to distributions approximatina tho present
belt (in both slope and intercept) after seve=al billior years. The onl, * rial lorge
populations that fail to evolve to the present belt are those in whi_k .r* of the mass is
originally stored in bodies substantially larger than Ceres aroroachi.. ‘unar sicze. Note
that result (1), that asteroids are highly fragmented, dues nrot depend ar the _irly aster-
0id population being more populous than today; presenr impact rates a» sufliciently high
to lead to high fragmentation rates, even if the asteroid belt ori- "~ .» iy contained only a
fraction more mass than it dJoes today. In fact, the present distritution and nature of
asieroids may provide clues as to whether the population truly was ureater in the past.
Chapman and Davis (1975) arqued that the belt miqh* have teen 300 times more populuus
based on the characteristics of an inferred remnant population of very strong tron-..res
of precursor bodies. This inference 1s highly model-dependent and <hould not be reaqarded
as a secure determination of the early asteroid population.

Several sources of uncertainty require emphasis. First, because .f tne relatively
large values of y sufficient for catastrophic tragmentation, the evolution of ma'n belt
asteroids of observable sizes depends on the frequency of very-much-smaller asteroids--
those too small to have measured surface <ompositions and often so small as not to have
been discovered or sampied at all. Thus fulure observations pertaining to the frequency
and probable buli compositions of asteroids 10 the 100 m - 10 km size range would be very
important. Second, more experimental and theoretica work 1s nececsary to understand how

projectile kinetic energy is partitioned into comminution energy and espacially into ejeta

or fragmental kinetic energy. Larqe auantitiec of energy could be partitioned into heat
without necessarily melting major amounts cf rock. Should wuch less than 1 of the energy
pe available for hinetic energy, asteroid lifetimes might he much lTonger than we think.
Should smaller fraction- of energy he available for comminution throushout the asteroidal

voiune than is true at laboratory scules, astcroids might be less fraamented than e think.

STEATD REGOLITHS

Lunar scientists have developed a comprehensive understanding of the lunar regolith
(Langevin and Arnold, 1977). Asteroid regoliths have received l1ttle attention, however.
Most discussion has concerned possible particulates in .he optical surface layer that
would influence polarimetric oroperties (-, Dollfus, 1371, and discussicn of that paper
by Anders and Chapman; also Dolifus ¢ .:'., 1977). More recent interest in asterord reco-
Tiths has come from metenriticists who require environments of substantial volume in which
to produce the numerous gas-rich and brecciated meteorities (.-f., Macdouaall - 7., 19730
If asteroid regoliths are, in fact, so thick as to consti.ute a substantial portion of
asteroid volumes (e.g., as argued by Anders, 1975, 1978), then models of the collisional
evolution and lifetimes of whole asteroids must take regoliths into account, since crater
volumes and ejecta velocities fr  impacts into regoliths are very differenl than foy io-
pacts into rock (see previous secticn),

Asteroids diifer fror the Moon in two important respects. First, in *he asterord belt

the flux of impacting obju.ts ~10 km drameter is roughly three oraers of magnitude qreater
than in near-farth space. Second, as:eroid gravities are much less than lunar aravity,
with escape veiocities typically rar 1ng from meters per second to hundreds of meters per
second. Lesser considerations are: (a) impact velocities are lower 1n the belt than for
the Moor; (t} asteroid compositions are generally d:fferent from lunar composition;

{c) most asteroids are mcre irregular in shape than the Moon: and (d) asteroids spin rela-

tively reriaiy. .
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Housen et al. (1978) have developed a model of asteroid regolith evolution. It con-
siders the buildup and crosion of regoliths on asteroids from the time an asteroid is
created with a bare surface to the time an asteroid is struck by a sufficiently large im-
pact so that it is catastrophically fragmented. At that point, the whole asteroid, if it
is not dispersed, is converted into a "pile of rocks" or a megaregolith. Housen et al.
distinguish between a “typical region" on an asteroid and atypical localities where occa-
sional sparsely scattered large impacts have occurred. The depth of regolith in the tyn-
ical region is determined by competition between processes that create regolith and those
thot erode and eject it. Regclith is created by the deposition of ejecta from the large
craters outside of the typical region. Regolith is also created by small cra.ers in the
typical region (and elsewhere) that penetrate existing regolith, comminute basement rock,
and spread their ejecta around the typical ragion. Regolith is lost by the ejection of
some portion of crater ejecta at greater than escape velocity.

An essential assumption of the Housen et aql. wodel, in its present state of develop-
ment, is that crater ejecta are widely distributed around an asteroid. Figure 3 shows how
ejecta distributions are loc~lized on large bodies, such as the Moon, and on smaller bodies
of sandy composition. But on still smaller sandy bodies (<10 km diameter), or on rocky
bodies smaller than a few hundred kilometers diameter, the predominant ejecta velocities
approach escape velocity and the fraction of ejecta that fails to escape surrounds the
asteroid with a blanket of roughly uniform thickness.

Fig. 3. Schematic illustration of the dis-
tribution of crater ejecta on Moon-sized and

asteroid-sized bodies with rocky and sandy //,\\{/’\\\
substrates. Typical trajectories are shown. §
tjecta velocities are greater f.om craters )

O

-

created in rocky surfaces. Ejecta blankets
are relatively localized on a Moon-sized

body but may completely surround an aster-

oid, especially a small, rocky one. Ver-

tical relief is exaggerated 10:1. 25
=
<
n

The incremental size-distribution of interplanetary debris is believed to be roughly
described by a power law with an exponent between -3 and -4. Such a distribution is char-
acterized by having the predominant surface area in tne smail size fractions but the pre-
dominant mass in the large size fractions. Provided that energy-scaling applies (7.e.,
crater volumes vary as projectile volumes for constant impact velocity), an asteroid sur-
face area is predominantly covered by small craters, yet most of the ejecta are produced
by the largest craters. It is for this reason that it is useful to study the "typical
region" described above, which is defined as that spatially evolving fraction of an aster-
oid surface that contains craters smaller than Dg, the diameter of the largest crater that
“saturates” the surface of the asteroid. (D is obtained by integrating the areas of all
Targe craters formed from t = 0 to the current time-step, from the largest crater down to
craters of diameter Dg, constraining the total area to be one-third of the area of the
asteroid. Thus, two-thirds of the asteroid surface is deemed to be "typical.”) As time
evolves, lacger and larcer craters contribute to saturating the surface, so Iz increases
and the "typical region" changes shape to include them and to exclude recently formed
craters larger than Dg.
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Fig. 4. Schematic {llustration of rego-
1ith evolution on a typical region of a
small asteroid. Regolith is built up

mainly by ejecia from occasional large,

Aoy
~ (/
7, *0,
7/ RaRt (/7 7%,

a N

g / GARDENED 7/ X/
AN,
DORMANT
REGOLITH

TYPICAL SURFACE sparsely scattercd craters outside the

typical region and is "gardened" by
numerous small tumpacts within the re-
gion. The jagged shape of the surface
elevation curve is due to discontirfuous
deposition. In reality, the typical and
absolute gardening depth lines, here
shown as snooth, would mimic the jaqged
shape of the elevation line. There may
be a dormant zone in which ejecta once
deposited is buried too deeply to be
gardened tor a while. The "typical
gardening depth" is the depth at which
one turnover occurs per characteristic
time scale. Catastrophic fragmentalion
usually occurs before the asterord is
completely eroded away.

[=]

ROCK

Figure 4 11lustrates the evolution of regolith on the typical reqion. Initially only
the smallest craters saturate the surface, bence little ejection of material occurs.
Larger craters in atypical regions deposit ejecta all over the asteroid and. in particular,
onto typical regions, causing the elevation to rise. The regolith is built up discontinu-
ously, with the biggest jumps being due %o the largest craters. During the early period of
maximum deposition and minimal erosion, a dormant zone may be created in which ejecta de-
posits are shielded from the subsequent excavations by craters smaller than .. Note that
the vertical distance between the curves for the surface and the "absolute gardening limit"
corresponds to the depth of a crater of diameter Dy. While reqolith or rock oan be excavat-
ed down to the absolute gardening limit, the material remains undisturbed in most places.
The typisal depth at which material is gardened at least once during typical time scales
for deposition or erosicon of reqolith is the depih of the (smaller) craters that saturate
the surface during such short time scales.

With passing time, larger and larger craters are included in the typical reqgion and
ejection becomes more eftficient. Simultaneously, because there is a maximum siZe crater
that con impact ar asteroid without catastrophically fragmenting it, the range of crater
sizes that contrivutes to deposition from atar onto the typical region shrinks. lIncreas-
ing erosion and decreasing deposition lead to a maximum in surface elevation, followed by
net erosion from the lypical region. Eventually a sufticiently large impact occurs that
the asteroid is fragmented and the reqolith evolution modal is no longer applicable.

Cases have been run for rocky asteroids ranging from 1-300 km diameter and for
weakly cohesive asteroids beteeen 1-30 hm diameter. A weakness in the present Housen
et al. model is that large, rocky asteroids that develop appreciable reqoliths are treated
as wholly rockhy bodies. in calculating ejecta volumes and velocities, rather than as two-
layer bodies with a weakly cohesive layer overlying a rocky substrate. Nevertheless, we
can qualitatively understand such bodies by recognizing that they respond to smaller cra-
tering events like weakly cohesive bodies. The Housen et af. model is especially inap-
plicable to large, weakly cohesive bodies for which ejecta velocities are insufficient to
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surround the asteroid with ejecta. Local gardening and erosion must occur on such bodies
as on other asteroids, but deposition from large, distant craters is not uniform across .
the typical region. Instead, there are regions adjacent to atypical regions with much '

greater deposition and regions far from atypical regions with much less deposition than
would be calculated by the model.

y asa
A

Housen 2% al. have varied model parameters. The following conclusions seem to be .
reasonably secure. Small (e.g., 10 km diameter) rocky asteroids generate virtually no B
regolith and simply erode away until the asteroid is catastrophically disrupted. Rocky
asteroids of >100 km diameter generate regoliths of hundreds of meters in depth, but the
regoiiths are very poorly mixed compared witn the familiar lunar case. Small {10 km),
weakly cohesive asteroids generate a few meters of poorly mixed regolith. Large, weak .
asteroids have not been treated hecause of the inapplicability of the uniform-deposition X
assumption, but may be expected to have large but variable depths of regolith. Regolitns 2 b

on such asteroid. are better mixed than on other asteroids, but probably are less well-
mixed than the lunar regolith.

The upper couple of meters of lunar mare regolith is the classic regolith. Since T
Apolio, meteoriticists have recognized some similarities between meteorites and lunar soils
and breccias. But there are important differences, mainly in tne sense that the regoliths
on meteorite parent-bodies are less “mature" than the lunar regolith. This is understand- SN
able because meteorites sample greater depths than do lunar samples and because asteroid \'
regolith processes differ from those occurring at the lunar surface.

Although it is bevond the scope of this paper to describe ways that meteorites are s
produced and delivered from the asteroid belt, suffice it to say that because the asteroid
size-distribution contains most volume in large bodies it is required that meteorites must
come chiefly from large-scale collisions. The exact scale of collisions depends on the ‘ .
efficiency with which meteorites are delivered to Earth from various collisions, but mete- ,oor
orites must typically sample parent-bodies to depths of kilometers. Thus, tne lunar mega-
regolith (and examples of it among highland breccias) prcvides a better analog for meteor-
ites than does the surficial regolith studied from Tunar core tubes and other means. The L e
size distribution of lunar cratering projectiles that yield craters with depths greater N
than a few hundred meters is known to be relatively shallow on a Tog-log plot, yielding ! -
more blanketing and less repetitive gardening than is true at smaller scales; the same P
should be true of asteroidal regoliths sampied at depth.

Twn factors applicable to smaller and rockier asteroids that distinguish them from the '
Moon aie ejeciion of substantial fractions to space and deposition from afar. Both factors
tend to reduce the chancos that a grain can be repeatedly bombarded. After participation 1
in only one or a few craterng events, the protability becomes great that a near-surface ' '
grain is ejected to space. Also, each sizeable impact anywhere on the asteroid results in
deposition of a layer that protects a grain from being involved in a crater-forming event.
Another distinction between asteroids and the Moun is that the damage done by an impact at . o
5 km/sec in the belt is much less than that done at ~i13 Ym/sec on the Moon; thus aggluti- .t
] nate formation should be much reduced on asteroids, compared with the Moon, even if al) :

: other factors were equal. Interplanetary comparisons of regolith maturity have been made
x L by Matson et ai. (1977).
|

. .o
s N
e e e e o st
4

iy
e e e

et e e

The Housen et al. regolith production model for smaller, rockier asteroids implies [
A that any impact in an atypical region would blanket the rest of the body with ejecta from

B that locality. In effect, such asteroids "paint themselves gray" (or whatever color) dur-
ing each major impact event, masking whatever compositional heterogeneity may lie beneath.
In reality, of course, a crater volume of ejecta is not spread uniformly over an asteroid, ;

but mus. cluster somewhat due to variable ejection velocities and angular heterogeneities \

- {e.g., lunar rays). Furthermore, the coarser the ejecta are, without a preponderance uf

§ Co fines, the Targer a crater must be for its ejecta to mask the entire surface of an asteroid. % ¢
In the absence of any firm constraints on ejecta trajectories and size distributions, it ) .

N o might merely be noted that virtually all measured asteroids are compositionally homogeneous !
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on a global scale, which may reflect the efficiency of regolith distribution processes or,
alternatively, an underlying compositional uniformity for most asteroids (Degewij and
2ellner, 1978). Vesta is one asteroid for which regional color and albedo differences are
well documented, but it is a large body well outside the range of applicability of the
Housen et al. model. Crater ejecta are far too localized to mask Vesta's underlying com-
positional heterogeneity. Lateral heterogeneities would be expected to be absent from all
asteroids except the following: very large rocky asteroids, moderate to very large weak
asteroids, small rocky asteroids (that lack regolith altogether), and relatively "new"
asceroids of any size.

CRATERING ON SMALL BODIES

Most of our experience in studying lunar and planetary cratering processes has in-
volved the Moon and larger planets. With Mariner and Viking imagery of Phobos and Deimos
now available, there have been initial attempts to underctand the cratering records on much
smaller bodies. Some interpretations have been formulated in terms applicable to larger
bodies, but which may not be relevant for small bodies. More recently, there has been some
thinking about Phobos and Deimos as asteroid analogs and we must bear in mind certain dif-
ferences between these small satellites, located deep in Mars' gravity well, and heliocen-
trically orbiting asteroids of various sizes.

Cratering on smail satellites and asteroids differs from planetary cratering in several
respects. Some differences are discussed in the previous section, including the fact that
crater ejecta often completely surround small bodies and much may escape such bodies al-
together. Another difference is that although smaller bodies are hit less frequently by
very large impacts, when they are hit, they may catastrophically fragment, whereas planets
are never hit by impacts sufficient to de<troy them. We may compare the evolution of
craters on a small body with the evolution of craters on a small portion of the Mocn having
the same area. To the extent that the local lunar area is affected by very large events
occurring elsewhere on the Moon {a basin-forming impact, for instance), the small body
would be totally unaffected (i.e., the projectile would miss the body entirely). The small
lunar area may, alternatively, be struck directly by a2 moderately large cratering event
(e.g., crater diameter half the diameter of the region) while such an event on a small body
would catastrophically fragment it, ending the evolution of that body. Moreover, those
projectiles that do strike the small body without fragmenting it will produce different
effects from those of a similar projectile striking the small lunar region because of dif-
ferent gravity and possible differences in competence of the surface layers. Generally, as
argued in the previous section, there is more uniform deposition of ejecta on a small body
than on a targe one.

There are two major differences between martian satellites and asteroids of similar
size. First, the impact rates are far less in the vicinity of Mars than in the asteroid
belt. Second, ejecta that escape Phobos and Deimos rarely if ever can escape the gravity
of Mars itself. As argued by Soter (1971), the ejecta orbit Mars; eventually most of this
may be reaccumulated by the satellites. Because of this effect, the martian satellites may
be iike the Moon in that most ejecta returns to the body. but unlike the Moon in that ejec-
ta are rather unifoimly distributed over the whole satelliie.

Craters have been used to address a number of important planetolcjical questions, in-
cluding the relative and absolute ages of urits and the effects of endogenic processes on
planetary surfaces. A critical question in all interpretations of cratering populatinns is
whether or not the crater populations are in equilibrium between crater-formation and crater-
destruction. Th. most important crater-destruction process on a body that is geologically
"dead" is the cratering process itself (overian, erosion, and deposition of ejecta). It has
been commonly thought (cf., Thomas and Veverka, 1977) that the crater populations on Phobos
and Deimos are "saturated" (i.e., in equilibrium with the cratering process) because crater
densities approach a lunar "saturation curve" due to Hartmann. But the differences be! 1
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martian satellites and the Moon described above yield different expected saturation den-
sities. In particular, one would expect higher saturation densities on martian satellites,
for at least two reasons: (1) Marcus (19703 has shown that the equilibrium crater density
varies inversely as the logarithm of the dynamic range of the crater dimensions. Since

the largest crater on Phobos is much smaller than lunar basins, the saturation density of
small craters on Phobos should be higher than for craters of the same size on the Moon.

(2) To the extent that crater ejecta are widely distributed, hence thin, on small bodies,
moderately large craters on small bodies cannot be obliterated by blanketing, whereas

those proximate to cratering events can be obliterated on large bodies.

Further anaiysis of cratering on small bodies is required, but it seems likely that
the apparently sub-saturated crater populations on Phobos and Deimos imply that the sur-
faces of these bodies are relatively "fresh." This could have resulted from the creation
of these satellites by fragmentation of larger precursor bodies at a time sufficiently re-
cent that saturation has not yet been reached. Such a situation is not unreasonable, since
the probability of catastrophic fragmentation becomes large as saturation is approa